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Laboratory investigation indicates that, based on 


IMPACT PERFORMANCE OF SYNTHETICALLY 
REPRODUCED HEAT-AFFECTED-ZONE 
MICROSTRUCTURES IN “T-1” STEEL 


resulls with particular heat tested, *‘T-1" steel is nol 


ABSTRACT. When «a  low-alloy — steel 
which has been quenched and tempered to 
obtain its optimum properties is to be 
welded, consideration must be given to the 
metallurgical changes which occur in the 
heat-affected zone as a result of the weld- 
ing thermal cycle. 

Certain low-alloy steels have exhibited 
poor performance after welding due to the 
presence of an embrittled microstructure 
in some region of the heat-affected zone 
Such behavior can be determined experi- 
mentally by synthetic production of heat- 
affected-zone microstructures and subse- 
quent testing of these microstructures to 
determine if they are embrittled 

“T-1" steel, a low-alloy quenched-and- 
tempered steel, was subjected to heat- 
affected-zone thermal cycles attending a 
weld made in '/;-in. plate. The resultant 
microstructures were evaluated by impact 
testing of Charpy vee-notch specimens 
The impact strength of various heat- 
affected-zone structures revealed that 
there was only slight loss in toughness for 
these microstructures compared to the 
unaffected plate material 

The results obtained show that the par 
ticular heat of ‘“T-1"’ steel tested herein is 
not embrittled by the thermal cycles of 
welding. 
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Introduction 
The industrial demand for storage ves- 
sels for subzero service has increased 
and is expected to grow continuously 
in the future. The increasing demand 
has offered a challenge to steel producers 
to supply an economical plate material 
which can be readily fabricated by 
welding and will deform in a duetil 
fashion at subzero temperature 

The low-alloy steels, as a class, are 
known to be capable of exhibiting higher 
yield strengths and increased notch 
toughness when compared to mild 
steel However, for the most efficient 
utilization of alloying elements in steels 
the proper heat treatment should be 
used. The optimum combination of 
strength and notch toughness in low- 
alloy steels is obtained from a quenched 
and-tempered microstructure, provided 
the steel has adequate hardenability 
for through-hardening. Improved prop 
erties obtained by heat treatment have 
been shown b Sccns Jensen ind 
Miller' for various nickel-alloy steels 
and by Rickett and Hodge for various 
low-alloy steels 

Satisfactory yield strength and low 
temperature notch toughness for sub- 
zero service are exhibited by many low- 
alloy steels in plate form prior to we ld- 


Heat-A flected Zone in T-1 


ing fabrication However exposure to 
welding thermal cycles may so alter the 
plate microstructure that the resultant 
properties of the weld-heat-affected 
zone are markedly impaired Thus it 
is apparent that weldability, as well as 
strength and notch toughness, must be 
considered in the de sign oO] & low slloy- 
steel plate material if the necessity for 
post-treatment is to be eliminated 


Bibber, Hodge, Altman and Doty* 


reported a new steel, ‘T-1 having a 
high yield strength and possessing good 
weldabilit The properties of welded 
pressure vessels made from this mate- 


rial, with and without subsequent thet 
mal stress relief, have been extensivel 
studied.* * 


The present investigation oncerns 
the Charpy-impact test behavior of 
T-L” steel after exposure to a variet 
of thermal cycles equivalent to those 
found in the heat-affected zone of an 
are weld. The high-speed time tem 
perature-control device, developed in 
the Welding Laboratori it Rens- 
selaer Polytechnic Institute,’ has been 
employed to duplic ate the thermal cycles 
found at various points in the weld- 
heat-affected Suflicent speci- 
mens were subjected to each thermal 


cycle of interest to permit determination 


173-8 


| 
| 


of the transition behavior using the 


Charpy impact test. 


Object 

The object of this program was to 
the effect of the thermal 
cycles experienced in the 
affected zone on the unpact properties 
steel? * 


determine 
weld-heat- 


of a recent heat of 


Scope 

The present investigation was limited 
to the 
zone microstructures in plate material 
of one thickness, '/, in., for one energy 
value, 47,000 joules per inch of 
Charpy-type specimens with an 
tested over 4 
240 to + 120° F 
ductility- 


reproduction of heat-affected- 


mput 
weld, 
temperature range of 
The 
transition temperatures were obtained 
for the 
of eight peak temperatures in the range 
of L000 to 2400° F 


Material 


The following summarizes the chem- 


vee notch were 


fracture-transition and 


microstructures characteristic 


ical composition and mechanical prop- 
erties of the plate material used in this 
investigation. The following data were 
provided by the supplier of the steel 


Plate thickness, in 
Heat No., 74 L 236 
Slab No., 62678 


Cheek analysia, % 
ow Cr, 0.53 
Mn, 1 00 V, 
I, ool Cu, O 
5, Mo, 0 45 
60 0014 Sn, 0 O08 
Si 0. 2% Ti, 0 004 
Ni, O 04 
Mechanical properties 
Yield 
strength 
02% Tensile 
T'eat offset, strength, 
location pat pat 
Long . bottom 114,500 122,400 
Long., top 111,000 120,900 
Trans., top 113,000 123, 600 
Elongation, Klongation, Reduction 
in % in of area, 
Sin % 
27.0 Mo 
7 25.0 52 8 
115 20.0 


Transition temperatures (as-received con- 
dition), Charpy keyhole impact 


(longitudinal specimen, noteh  per- 
pendicular to rolled surface 
Ductility-transition temp 208° F 


(selected at center of scatter band; 
12 ft-lb) 
Fracture-transition temp. « 
(selected at 50% shear level 
Hardness 


Rockwell C seale, 
Brinell hardness ne 


110° F 


27.5 


278 (3000 kg load) 


Procedure 

The method used by the authors for 
duplicating the microstructures found 
in weld-heat-affected zones has been de- 


i74-s 
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seribed in detail previously." Cams 
were constructed to reproduce the heat- 
Ing and cooling evel attending weld 
deposit made at an energy input of 
17,000 joules per inch of weld in '/>-in. 
plate with the plate initially at 72° FP, 
Thermal having 
peak temperatures differing by 200° F 
over a range of 1000 to 2400° F. Fig- 


ure | illustrates the time-temperature 


evyeles were chosen 


cycles employed, and indicates sche 
matically the the 


equivalent positions in the heat-affected 


relative location of 


zone of a weld 


Blanks, 0.42 x O42 x 2%, in., were 
machined from the '/s-in. thick as- 
received plate stock of “T-1L’’ steel in 
preparation for heat treatment. As 


shown in Fig. 2, the longitudinal axis of 
each blank was in the rolling direction. 
A 0.052-in, diam hole, 0.050 in. deep 
was drilled in the approximate center of 
the length of each blank to permit at- 
tachment of a chromel-alumel thermo- 
couple for controlling the thermal cycle 


Weld thermal cycles studied and a key to their location 


The hole was located on a surface per- 
pendicular to the original plate surface 
and served to locate the vee notch of the 
heat treat 
were at 
hole by 


weld 


impact test specimen alter 
ment. The thermocouples 
tached to the bottom of the 
means of a capacitor-discharge 
using 150 microfarads charged to ap 
proximately 400 vy. 

The heat-treated blanks 
chined to Charpy vee-noteh dimensions 


were na 
and the notch was located at the center 
line of the hole 
pendicular to the original plate surface 
One heat-treated blank from each ther 
mal eyele was used for metallographir 
studies. After 
of 21 days’ storage at room tempera- 
ture following heat the 
Charpy vee-notch specimens were frac- 
tured in a 220 ft-lb impact testing ma- 
chine, following the procedure and pre- 
cautions outlined by Driscoll! 
Denatured alcohol cooled with solid 
CO, was used to obtain testing tempera 


thermocouple per 


& minimum time lapse 


treatment 


THIS SURFACE 


PARALLEL TO 
ROLLED SURFACE 
- ROLLING DIRECTION = 
4 a 

j ; 
4 


THERMOCOUPLE HOLE 


(0.052" 0.050" DEEP) 


REMOVED WHEN SPECIMEN |S NOTCH 


UNIFORMLY HEAT-TREATED ZONE 


PREPARED FROM HEAT - TREATED 


STANDARD CHARPY V-NOTCH SPECIMEN 
BLANK 


Fig. 2. Details of specimen preparation 
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DIMENSIONS OF BLANK: 
0.42" 0.42" 
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i 


va? « 


Fig. 3 Photomicrographs of the structures produced by each of the thermal cycles studied, 2% picral etch, 


ness, Vickers Pyramid Numerals, (VPN), is given for each microstructure. (Reduced by upon reproduction) 


tures between and | Isoper rostru produce Cl too ort ¢t ippreciable 
tane, cooled by liquid nitrogen passil hye wiied ll photo 
through a heat exchang vas User roe ho e structure as re e thermal ( ha peak tem 
obtain testing temperatures below ealed at > ynification after ern of | exceeded the A 
| Water was used tor testing temper etching with pieral Also presented npera ind produced a 
tures above wen j crostructure 
Three specimens were tested + wl rd ‘ essed r | cel ection of Fig. 3 
testing temperature for ¢ wl rmial j mid N rit ough 1 illographie examination 
ind three san urke n ‘ evenied a ler vin ‘‘ghost-struc 
f stru e r rethes he fact that while 
tested at each testing temperature | r th zation omplete dur 
omparison minimum of LO testing emperature of the ermal | e tine at tem 
temperatures wa used in obtaming ceecdes hy effec tu ent to produce 
impact strength-temperature eur Vial nestorm ‘ ne ‘ stints Phe supposi 
wh fractured specimen Was exan tenitization | 
determine the mode of emy nd | j ntiated th the hard 
wture-transition temperature i hang mer i 
iluated as temperatul hich re ane Ire gli We bieas hat eape d (VPN 425 
‘ fracture i showed 5 by tthe ‘ itis vould | homeo 
tracture The testing temperature it ing 12 u isteni al , carbon con 
vhich the fracture required 10 ft-lb was 
chosen as the ductility-transition tem- mp 1] janul emperature thet 
perature efinement fe 
Ine A compare ecoved structure 
Results ¢ ‘ aving K he e of the martensiti 
Metallographic Examination erat 1400 ' ' re WHB 1 ompletely uniform 
The microstructure of the perature Len equilibrium e metallographic examination 
plate material is shown Fig. ; ilue of the A, temperatur 316° F),‘ » the conclusion that homogenert) 
gether with ty Kum f : 1¢ time at temper was appar vas not quite a ned during this ther 


OcTOBER 1956 ippes, Sibley —Heat-A {fected Zone in T-1 175-6 


De 491 Pea iat 

~ 


mal cycle, presumably because of in- 
sufficient time ut temperature for dif- 
fusion. 

The 2000° F peak temperature ther- 
yele produced a grain size slightly 
smaller than the original grain size but 
larger than the grain size of the material 
subjected to a peak temperature of 
1800° I. With the thermal cycles hav- 
ing peak temperatures of 2200 and 2400° 


mal « 


I, & progressive increase in grain 


of the martensitic structure was noted. 

Excellent correlation was observed in 
the comparison between the synthetic- 
specimen microstructures, discussed 
above, and the corresponding micro- 
structures adjacent to a bead weld made 


at, 47,000 joules per inch. 
Impact Testing 


The impact 
curves for each microstructure 


strength-temperature 


mre pre- 


percentage-shear-fracture data 


The plate material in the as-received 
1, 
fracture-transition 
about —50° F and 


condition, Fig. 


at a temperature 


exhibited 


temperature of approximately 


ture specimens 


tively, fracture- and ductility-transition 


Figs. 5 and 6, 


respec- 


sented in Figs. 4 through 12, along with 


a sharp 


a ductility-transition 
-140° F. 
In the 1000 and 1200° F peak tempera- 


of 
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Fig. 4 Charpy vee-notch impact-temperature data for as- 
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Fig. 7 Charpy vee-notch impact-temperature data for 
specimens produced by the thermal cycle with 1400° F 
peak temperature 
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Fig. 5 Charpy vee-notch impact-temperature data for 
specimens produced by the thermal cycle with 1000" F 
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Fig. 8 Charpy vee-notch impact-temperature data for 
specimens produced by the thermal cycle with 1600° F 
peak temperature 


% SEAR FRACTURE 


HARPY iMPACT 


Two TeMPPRATURE. *F 


peak temperature 


Fig. 6 Charpy vee-notch impact-temperature data for 
specimens produced by the thermal cycle with 12900° F 
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Fig. 9 Charpy vee-notch impact-temperature data for 
specimens produced by the thermal cycle with 1800° F 
peak temperature 
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Fig. 10 Charpy vee-notch impact-temperature data for 


specimens produced by the thermal cycle with 2000" F 
peok temperature 


Fig. 11 Charpy vee-notch impact-temperature data for 
specimens produced by the thermal cycle with 2200° F 
peak temperature 


temperatures remained \ ally similar, as illustrated in Figs. 10 and 11 tain desirable strengths and ductility; 
changed impact trength curves showed thus the heat-aflected microstructures 


The 1400° F peak temperature ther low ilues of imp 


mal cycle produced a shift in the frac ft-lb) above the 
ture-transition temperature to approx! perature, which \ 
mately 15° F, as shown in Fig. 7 in both cases 


The ductility-transition temperature caused a 


wt strength (25 to 30 attending welding are altered in part or 
transition tem completely by the post-treatment. 

tbove 0° I If a quenched-and tempered low alloy 

cre ised grain size uch to be used in 

ductility-transition welded fabrication without thermal 


and the upper and lower levels of impact temperature for the samples heated to a relief,’’ the metallurgical changes 


strength were consistent with the values peak temperature of 2200" } lurther curring in the heat-affected zone be 


obtained with the lowe peak tempera increase in grain 


ture tests, however. This thermal eyel | temperature 


exceeded the equilibrium value of the etility-transiti 
A, transformation temperature, and the shown in Fig. 12 
microstructure indicated a general in 
crease in the tempered products with Z 
Che weldabilit 


evidence of partial transformation 
vithin the range 


The results of impact tests on the ma A 
terial subjected to the 1600 | peak iS generally con 


rope! re | 
temperature thermal cycle are shown in P Pray 

Fig. 8 and indicate a further increase in uncerbesd 
1s 
the fracture-transition temperature as amg 3 


well as an increase in the energy required 

to fracture at the higher testing tem — Conevrs 
t! mail 
peratures rhe fine-grained structure mee 
shown previously in Fig. 3, undoubted!) ; 
steels, welding 
caused the increase in fracture energy at 
the higher testing temperature Below 
O° F the impact streneth falls off gradu 


ally to a level of brittle failure Again 
little change in ductility-transition tem 


Discussion of Results mp propertu 


of 0.10 to 0.300, carbon 


idered good, pro 


subsequent therm 


, » 
us ith the 2400° I come quite important because this area 


vused a still higher uN remain tough and duetile in the 


temperature iis velded condition lempering is not 


necessit however, because 

r of low-carbon 
martensites are outstanding in the as- 
quenched condition for both plain-car 


”) ind Ho 
| ided bon and i ter 


ercised to eliminate In the summary plot of the transition 
If underbead temperature lig. 17, changes are 
hardening of the evir fracture-transition tempera 
usually not of ture (or £ hear fracture as the peak 
weldments are temperature incres The general 

ed prior to trend indicates a steady rise in fracture 

we of heat-treatable transition temperature as the structure 
often done in normal approac! the weld fusion zone. An 


ized plate and the weldment is given WN 1 to this general trend results 


il treatments to ob i fine-grained structure obtained 


perature resulted from exposure to this 
thermal eycle 

The specimens subjected to the 1SO0 
peak te rature the rina el ig 
9, gave results unlike those at lower peak 
temperatures. Both the fracture- and 
ductilitv-transition temperatures vere 
lower than the corresponding values for 
material subjected to thermal cycles 
with peak temperatures of 1400 and 
1600° F. and the duetility-transition 
temperature was considerably | 


than that of the «as-received 


However, above the fracture-transition 


temperature, the vali impact 
strength (25-30 ft-lb) was lower than 
that of the as-received plate (approxi 
mately 40 ft-lb 

The results of the impact tests on ma 
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Fig. 17 Summary curves of fracture- and ductility-transition temperatures vs 


peak temperature of thermal cycle. 


these thermal cycles are also presented 


Phe ductility 


by heating to 1800° | 


transition (or 10 ft-lb) temperature is 
also plotted as a function of peak tem 
perature in Fig. 17. A general lowering 
of the ductility-transition temperature 
is indicated in the structures receding 
from the weld fusion zone At a greater 
distance from the weld zone, the duc 

tility-transition temperature gradually 
increases to that of the unaffected plate 


of the ductility 
ten 


A tabulation 
and fracture 


transition 


transition peratures 1s 


given in Table | along with hardnes 
data Using the ductility-transition 
temperature as the criterion of tough 
ness, the obtained data indicate that all 
the produced microstructures are as 
tough as the plate material Also in- 
included in Fig. 17 are the approximate 
microstructures resulting from the expo 
sure of | to the thermal evele 
employed in this investigation 

When the pact strength at the url 


testing temperature Is plotted 


aus 


Approximate microstructures resulting from 


against the peak temperature attained 
in producing the heat-affected-zone 
microstructure Figs. 13 through 16, it 
is evident that all the microstructure 
behave in a similar manner below a 
testing temperature of mi Ihe 
decrease in impact strength shown at 
testing temperature ibove O° F by the 
specimens heated above 1600 ke doe 
not indicate embrittlement since hear 
type tracture ere predominant above 
alt This decrease in energ ibsorp 
tion is the result of the change in micro 
tructure and nereased hardne ot 
specimens heated above 1600° | No 
n hardne irred until the yo ik 
temperature ceeded the equilibrium 
1, transforn on temperature, 1416 I 
The initia ) harcdne in the speci 
mens heated to 1400° F resulted from 
tempering effects rather than transfor 
mation effect hurther he iting caused 
increased tran ition of the origina 
plate tructure th an accompanying 


Table | 


Fracture- and Ductility-Transition Temperatures 


and Hardness Data 


(harp ee-notch specimens with notch perpendi 1 surtace 
Fracture 
Pea transition Hardne 
ly peratl lem peral p uf VPs 
y* kg 
As-received 142 1) 
1000 52 148 
1200 5S 148 
1400 24 140 272 
14) 
240 
2000 5 220) $25) 
12] 
2400 5 138 120) 
* 50% shear criterion 
+t Ten ft-lb criterion 
OcToBerR 1956 Vippe 8s, Sibley Hleat 1 flected Zone in 


increase in harane The hardness ol 
the specimens heated above 1S800° F is 
characterit of the 1 wiximum hardness 
obtamable with the carbon content ol 
tl tor The t that these untem 
peered tensit tructure remained 
toug! ear ¢ ence f the outstand 
ng eat-affects one performance of 


Summary and Conclusions 


| low-alloy, quenched-and- 
tempered steel, wa ubjected to a 
iniety of welding thermal cycles, using 
the RPI nthet pecimen technique 
2 \ tematic survey was made of 
the Charp ee-notch impact properties 
of the ious 1 ostructures which 
duplicated those found in the heat- 
iiected gone ol an a weld made in 
tar ith an energy input 
of 47,000 joules per incl 


The 


ductility-transition tempera- 


ture 10 ft-lb level criterion) of the 
tee! was not adversely affected 
by the weld thermal cycles 
| Che fracture transition tempera- 
ture 0, shear fracture eritenon) was 
increased somewhat | the thermal 
experienced in the weld-heat- 
Hected Zon 
) nen ere exposed to 


thermal which ¢ eeded the effee- 
the steel 


ex} ti i irbon martensiti 
trueture The pact properties of 
these irbon martensites in the 
condition were outetand 
ing 
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DISCUSSION BY K. WINTERTON 


The authors are to be congratulated on 
this correlation of properties with 
microstructure, these structures being 
notoriously difficult for exact inter- 
pretation 

It would be interesting if the authors 
could be persuaded to undertake an 


examination of the effect of hydrogen, 


K. Winterton is Assistant Director, Department 
of Engineering and Metallurgy, Ontario Kewearch 
Foundation, Toronto, Canada 


introduced by electrolysis, on the prop- 
erties of the simulated heat-affeeted 
zone, and in particular its effect on 
static fatigue rather than the ductile 
brittle transition 

A similar investigation by Cottrell 
(Brit. Welding Jnl., April 1954, p. 
167) showed that hydrogen depressed 
the end-of-transformation temperature 
for martensite formation, and that this 
was accompanied by a deleterious effect 
fatigue Impact 


on static strength 


strength was comparatively little af- 
fected. 
hydrogen comparable with that pro- 
duced with a low-hydrogen electrode 
could have a marked effect, depending 
on the steel composition. 

Though it is realized that the authors 
had a specific objective in the investiga- 
tion described, an extension might be 
found profitable, with the technique of 
simulating welding thermal cycles al- 
ready established. 


Even very small quantities of 


AUTHOR'S REPLY 


The authors wish to thank Mr. Win- 
terton for his suggestions regarding the 
influence of hydrogen on the properties 
of the simulated heat-affected zone 
Future investigations in this laboratory 


on the weldability of “T-L"’ 
well include work similar to that de- 
seribed by Cottrell. It would be of 
great interest to determine the effect 
of steel composition on the influence of 


steel might 


hydrogen, since the deleterious effect 
may be not so pronounced at lower car- 
bon contents. 


RESEARCH ON OXYGEN CUTTING 


BY K. TESKE 


Abstract of “Beitrag zur Klarung 
der Vorgange beim Brennschneiden,” 
published in Schweissen und Schneiden, 
8, 122-120 (April 1956) 

In order to start a cut, the steel must 
be heated to its ignition temperatures 
Measurements showed this to be 1150° 
for pure iron for 0.257 
carbon and 1230° © for 0.900) carbon 


Abetracted by Dr G. BE. Claussen, Metale Re 
search Laboratories, Electrometallurgical Co 
Niagara alle, N.Y 


Nippes, Sibley 


steel, These measurements were made 
with electrically-heated steel on which a 
eutting torch was directed The re- 
sults agreed with ignition tests on 
closely-coiled wire filaments heated by 
resistance in an oxygen chamber. The 
results were corrected for emissivity 

The temperature of 
which was largely FeO, was found to be 
1600° CC. If all the reaction heat was 
absorbed by the slag its temperature 
would be 3600° C. Only about half 


cutting slag 


Heat-A flected Zone in T-1 


of the heat of cutting is absorbed by the 
slag 

The maximum linear-cutting speed 
was calculated from the number and 
speed of oxygen atoms in the gas, and 
the number of iron atoms in an iron 
surface. A maximum cutting speed 
of 160 ipm. was calculated. Under ex- 
ceptional conditions, oxygen cuts were 
made in 0.04-in. thick steel at SO ipm 
In practice, not over '/, of the calculated 
maximum speed is achieved. 
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PROBLEMS INVOLVED IN SPOT WELDING 
TITANIUM TO OTHER METALS 


Properties and problems of spot welding commercially-pure titanium 


lo stainless steel and several other metals are eramined. 


General 


information concerning the nature of these welds ts provided 


BY FRANK W. McCBEE, Jr., JIMMY HENSON AND L. R. BENSON 


Introduction 


Since the recent commercial ippearance 


of titanium, great enthusiasm has been 


shown regarding the potentialities of 


this metal This enthusiasm has led 


to numerous investigations relative to 


the techniques for producing sat 


However, vet 


little information is available concern 


factory titanium welds 


ing dissimilar welds involving titanium 


The material contained in th pauper 
was collected in an effort to examine the 
properties and problems of spot welding 
commercally-pure titanium to stamle 

steve and several other metals It wa 


not intended to establish 
schedules fruit only to pro ile i Viele 
variety of general information concer 


ing the nature of these welds 
Scope of the Investigation 

The ultimate objective of thir 
search was the suc esstul spot welding of 


tainless steel: preliminat 


titanyl to 


investigation indicated these welds to 
be extreme poo! Weld indentation 
vas low and ductility was poor The 
elds uld be broken with light hand 
pressure nh & simple peel test In 
the above the tigation 
vas expanded to three i it! 
The first we of study deals entir 
with thre erties of titar i t nls 
ste t eld The ond 
phiase meerned th tl 
et en titer thy 
Here « ponent im 
md on ‘ it tivate 
pendent to determine if one particu 
element git be the 
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MCHES Fig. 2. Hardness study of a stainless steel 301 weld 


Fig. | Hardness study“of a titanium A-55 weld 


120,000 Ib capacity hydraulic testing 
machine using sheet-metal grips. The 
welded specimens were so held that the 
nature of failure was primarily shear, 
Except for the titanium-stainless steel 
301 specimens, all welds were made 
using standard RWMA Class | electrode 
tips with 6-in. radius dome. The 
electrode arrangement for the titanium- 
stainless steel SOL welds will be dis- 
cussed in detail later. A Tukon hard- 
ness tester, was used with a Knoop in- 
denter at one kilogram load to obtain 
weld hardness traverses All hardness 
traverses originate in the base metal 
adjacent to the heat-affeeted zone and 
proceed across the weld nugget ter- 
minating in the base metal 


Materials and Their Preparation 
Commerecially-pure titanium sheet 
0.031 in. thick was used throughout this 
investigation. The metal was desig- 
nated as A-55 annealed. Unless other- 
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Fig. 3 Electrode arrangement for ef- 
fecting a better heat balance in metals 
of different electrical resistivity 
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wise noted, all other metal sheet was except for the welds involving titanium 
also 0.031 in. thick (22 gage). to magnesium and aluminum, in which 

The tension-shear specimens were cut instances it was necessary to remove the 
to 27/4 in. by "4 in. and thoroughly oxide film from the metals. In welding 
degreased with carbon tetrachloride a */¢in. overlap was used to conform 
No further cleaning was attempted with good practice. 
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Fig. 4 Hardness study of a titanium-stainless steel weld 
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involving both metal Of particular 
interest ts the effect of increasing heat 
on the physica indo metallurgical 
properti of titanium tainless welds 


It was hoped that a thorough knowledge 
of the | characteristic would suggest 
t possible solution to the problem 


Titanium-Titanium Welds 


The weld ross section and Knoop 

hardnes traverse hown an hig | 

SOT VE to illustrate the weldabilityv of 

titanium to titanium Note the typical 

denarit tructure i the nugget the 


high penetration, and the low indention. 
The hardne traverse shows the weld 
nugget to have nm average Knoop 
number of approximately 260 with a 


base metal hardne of about 200 
This hardness increase in the nugget 
irea is typical of most metals Welds 
ol nvolving commercially 
pure titanium were shown by @& previous 
nvestigation to have «a tension-sheat 
trength of about 1400 Ib, Physiaal 
ippearance and luetility of the welds 
yer itisiacto 
Stainless Steel- Stainless Steel Welds 
Figure 2 shows a stainless steel type 
(Ol weld with accompanying Knoop 
hardne traverse Avain note the 
nugget structure, the good penetration 
low ndention Observe also the 
nugyvet shrinkage cavit which is quite 
common to this type of weld. The 
Knoop traverse shows the weld nugget 
to have an average hardness of approxi 
mately 245 while the base-metal hard- 
Fig. 5 Progressive steps in the formation of a titanium-stainless steel ne bout 285. Since stainless 301 
weld nugget with increasing heat isan austenitic alloy to well below room 
(a) Low heat (4 cycles, 3000 amp). (b) Medium heat (4 cycles, 3800 amp). temperature, no heat effect hardening 
(c) High heat (4 cycles, 4500 amp). X 13 occurred Phe hardne decrease of 
f the nugget material could have been 
caused b the reheving of stresses due 
Welding Variables mens proved mo t difhieult Phe britth to rolling and working of the metal 
The minor welding variables wer nature of the weld nugget material of In any event, the weld possesses good 
held constant at the following ilues many Of the dissimilar welds caused metallurgical and physical properties, 
large chips to break from the nugget welds of this character having tension 
Squeeze time, eycles 0) particularly during the final polishing shear strengtl nh exe of 1000 Ih 
Hold time, ceveles 20 
operation If the nugget material did . P 
4 Throat de pth, in l2 in the abrading prope ties of the metala If the difference in the electrical 
Horn gap, in the endl resistivity of the two metals is great 
Kleetrode stroke, in Aga result. the poli hed enough to cause nugget offset, a satis 
Because of the vast differences in the to produce flat surfaces for photography Pact heat balance may be produced 
properties of the metals welded to ti ind bhardne tule rather than for through the tse one high-resistance 
tanium, a wide range of weld current cratch-free irface etching also electro a 
weld time and tip foree was used proved to be a problem as the chemical oy of such an electrode pg cys 
of he high-re tance tungsten insert o 
Procedure In Pe electrode cause larger portion of 
As no information was available for atehad fx the tit the heat to be generated at the point 
dissimiubar welds involving titanium in 5% hvd wid usualls of contact between the eleetrode and 
preliuminar investigations were net met \ The result is that approxi 
essary to determine a reasonable range ‘ matel equa heating of each metal 
of welding currents. After this range Spot Welds of Titanium and occurs thus effecting a better heat 
had been determined for a given weld Stainless Steel Poralearnee 3 ine Of this arrangement 
time five specimens were welded at The ph en nd metallurgica it olten possible to veld certam eom 
most pres lected machine setting characteristics of titanium-stainless stee! bination ol meta that otherwise 
Three of these were utilized in the weld are oof primar nterest in th produce indesiratyle weld character 
tension-shear te sts: two, mm metallur phase of the u tigation Spot welde ti 
gical studies nvolving onl titaniun Because of the poor characteristics 
Polishing of the metallurgical speci stainless ster ure ompared to thowe ol titanimm-staink welds it whe 
OcTroBER 1956 UcBee, Jr.. et al Spot Welding Titanium 1535-6 


‘lt 
f 
# 
b) 
4 
Ay 


decided to apply the high-resistance 
electrode arrangement to this phase of 
the research, In the initial stages of 
investigation, the location of the high- 
resistance electrode was varied, but 
positioning adjacent to the stainless 
seemed to produce somewhat better 
results, This was anticipated as the 
electrical resistance of the stainless was = 
considerably less than that of titanium. anil 
FOR WOH TITANIUM SHEET 
| TO STAINLESS 301-6 SHEET 


WELO -4 CYCLES 
> TW PRESSURE -600 POUNDS 


Used adjacent to the stainless was a 
high-resistance electrode with 
radius dome. 

Titanium-Stainless Steel Welds 


igure in rograph and hardness 


ia 26 32 36 46 
WELDING CURRENT - KiLOAMPERES 

Fig. 6 Effect of variable weld current 

made at low heat (4 cycles at approxi- upon the tension-shear strength of 

mately 4000 amp) Very litth melting titanium-stainless steel welds 


traverse of a titanium-stainless weld 


of either metal occurred even though the 
high-resistance electrode was placed best shear strength, the reason for this 
next to the stainless steel Penetration to be pointed out later. The apparent 
and indentation were essentially zero incompatibility of the metals can be 
and bonding was of a solid phase nature seen in Fig. 56 by noting strange nugget 
In appearance the weld was quite good appearance. Here again the indenta- 
and no flashing occurred at this current tion was low but penetration had in- 
setting. The heat-affected zone of the creased to about 300. This weld, 
titanium was considerably harder than produced at 4 cyeles and 3800 amp, was 
the nugget zone of the titanium- the highest heat weld that could be 
titanium weld, (Knoop 205 compared to cross sectioned and polished with any 
200), indicating some sort of molecular degree of success. Figure 5e is a plan 
intermingling. The behavior of the view of a polished high-heat weld 
stainless steel was about the same as (4 cycles at 4500 amp) looking into the 
in the stainless-stainless weld titanium, The polishing of a cross 
The effect of incrensing heat on weld section of a weld of this character proved 
structure is shown in Fig. 5, a through extremely difficult because, as pre- 
ce. Figure 5a is identical to the photo- viously mentioned, chips would break 
graph of Pig. 4. Welds of this character from the nugget during the polishing 
(solid-phase bonding) produced — the operation. The dark spots and racial 


lines are holes and cracks and are not 
the result of etching. Expulsion of 
metal (flashing) occurred at this con- 
dition as can be observed. The average 
Knoop hardness of the weld nugget 
material of Fig. 5¢ was 786 (Rockwell 
C of 66) compared with a sheet titanium 
hardness of 200 and a stainless steel 
301 hardness of about 285. This 
drastic hardness increase and the 
crystalline appearance of the titanium- 
stainless steel weld nugget leads to the 
conclusion that an intermetallic com- 
pound was formed. 


Tension-Shear Strength of Titanium-Stainless 
Steel Welds 

Even though an attempt was mace 
to effect a better heat balance through 
use of a high-resistance electrode, welds 
of titanium to stainless steel showed 
little or no improvement when placed 
in shear. The simple peel test caused 
weld failures with only light hand 
pressure. In view of this condition 
a spot weld tension-shear strength 
curve was obtained for titanium 
stainless steel welds. Figure 6 shows 
the results of this phase of the investiga 
tion. The point at 2600 amp was the 
minimum current setting for obtaining 
any bonding of the metals. The weld 
of 3000 amp with macrograph shown in 
Fig. 4, produced the maximum shea: 
strength of 640 Ib. Radiographs re- 
vealed that minute cracks appeared in 
the weld as the current was increased 
thus accounting for the rapid decline 
of the curve 
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Welds of Titanium to the 
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WEL OG CURRENT CAMPERES 
Fig. 11 Effect of variable weld cur- 
rent upon the tension-shear strength 
of titanium-zirconium welds 


stainless steel SOL welds 

Contrary to what might be exper ted, 
the hardness of the 
nugget material dropped somewhat from 
that of the base metals. This material, 
exhibited very strange prop- 
erties when subjected to the Knoop 
Acting in a sponge fashion 
indenter, the 


titantum-nickel 


howe, er 


indenter 
upon removal of the 


material tended to “close” along the 
axis of the indention leaving a long 
slender hardness mark. Fracture of 
the weld revealed that nugget material 
greatly resembled in appearance the 
nugget material of the titanium-stainless 
stee! weld. The hardness of the ti- 
tanium-nickel nugget material, however 
was only a Knoop of about 150 com- 


pared to 786 for titanium-stainless steel 


Miscellaneous Bimetallic Welds 
Involving Titanium 

Included in this section are the re 
sults of investigation of a varied group 
of bimetallic welds of titanium. The 
object of this phase of study was to 
determine the feasibility of any type of 
welds utilizing 


satisfactory bimetallic 


titanium. Tension-shear curves and 
Knoop hardness traverses were obtained 
for several of the combinations used 
Results from the application of such 
techniques as chromium plating of ti- 
tanium and stainless SOL and titanium 


chromium sandwiching are included 


Welds of Titanium to Zirc 


Zirconium was selected for use in this 


investigation because its properties mn 
many ways resemble those of titanium 
Reference to Table | shows the melting 
point of these two metals to be very 
nearly the same. Both have a close- 
packed hexagon lattice structure, are 
located in) periodie Group TVa, and 
have atomic diameters that are not too 
far separated. Beeause of this simi 
larity, it seemed very likely that the 
metals might produce satisfactory welds 

Figure 10 shows the typical titanium- 
zirconium weld nugget structure and 
Knoop hardness traverse. Hardness of 
the nugget material Was approximately 
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Fig. 12 


130 compared to 786 for the nugget ma- 
terial of a high-heat titanium-stainless 
weld, Penetration was approximately) 
70%, indentation was low, and appear- 
ance of the weld was good. The 
polishing of this type of specimen proved 
to be among the most difficult as the 
nugget 
hard, abraded much more rapidly than 
either component metal. The nugget 
offset in this instance is due to the differ- 
ence in electrical resistivity of the 
metals as RWMA class | electrodes were 
used adjacent to both metals 

Results from the 
weld current studies are shown in 
Fig. 11. Maximum spot-weld shear 
strength, obtained at about 5400 amp 
This value, 


material, even though quite 


shear strength 


was approximately 1100 1b 
the highest obtained for any combina- 
tion of metals, was about twice the 
maximum obtained for titantuim-stain- 
less steel and as much as three times the 
value for certain other combinations 
No practical value can be placed on 
this curve as the cost of zirconium is 
greater than that of titanium. It 
does, however, indicate that reasonable 
welds involving titanium and a dissimt- 
lar metal can be produced. 


Welds of Titanium to Magnesium and 
Aluminum 

Magnesium, loeated in Group IT of 
the Periodic table, has «a close-packed 
hexagon lattice structure, the same as 


Spot Welding Titanium 


Hardness study of a titanium-magnesium weld 


titanium. Since the melting point and 
other properties of these metals aré 
widely different, a different type of 
weld might be anticipated 

Figure 12, a typical macrograph and 
hardness traverse of a titanium-mag 
nesium alloy weld, shows clearly that a 
braze-type joint was formed with no 
intermingling of the metals whatsoever 
This is attributed to the widely different 
melting points of the two metals 
The hardness traverse was obtained 
only for the titanium and shows the 
expected hardening in the heat-affected 
zone. This hardness increase, however 
is not nearly so great as for most com- 
binations where mixing of the molten 
metals oceurred, 

The maximum magnitude of expected 
shear strengths for weld of this nature 
is about 525 lb as can be observed in 
Fig. 13. 
strength of a magnesium-magnesium 
weld of similar material is approxi- 
mately 350 Ib. Even 
electrode force was reduced to 290 |b 
the indentation was quite high, and 
occasional cracking of the magnesium 
resulted as can be observed in Fig. 12 
Welds at the higher heats produced 
consistent button-type failures. It was 
necessary, however, to thoroughly re 


The expected minimum shear 


though — the 


move the oxide film from both the 
titanium and before a 
satisfactory weld could be produced 


Welds of titanium to aluminum 


magnesium 
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Fig. 13 Effect of variable weld cur- 

rent upon the tension-shear strength of 

titanium-magnesium welds 


possessed the sume general characteris 


tics as titanium-magnesium welds 


This again might be anticipated as 
the physical properties of titanium and 
aluminum melting 


Hard 


ness traverses were not obtaimed for 


particularly the 
points, were greatly different 
this combination, but again a braze 
type joint was formed with high in 
dentation and occasional cracking of 
the aluminum. Electrode force and 
current were both reduced to alle Vinute 
this cracking 

Figure 14 18 « curve ol spot weld 
tension-shear strength versus weld cur 


rent for titanium-aluminum welds 
The maximum shear strength of this 
combination was 525 |b, comparing 


quite favorably to the RWMA Hand 
book’s suggested minimum of 260 Ib 


for an aluminum-aluminum of 
similar alloy and metal thickness 
Although button failures were not 


lol this combination the 
thorough removal of the titanium oxic 
film aided yreatly in producing welds 


ol consistent quality 
Titanium-Stainless Steel Welds with 
Increased Chromium Content 

Based on a portion of the results of 
we lds three 


made to increase the 


the titanium-chromium 
attempts were 
chromium content of titaniurm-stainless 
steel welds and hence t was hoped 
increase the weld qualit The first 
efforts along this line were directed 
toward producing a titanium-chromium 
stainless steel sandwicl Small] pleces 
of pure chromium ground to 0.014 in 
thick were | 
and stainles Stee! 
the weld was Shear tests 


indicated this type of weld had less 


taced between the titantum 


it the point where 


to be mad 


strength than the conventional 
titanium-stainless etee! velds This 
weakening was attributed not to the 
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Fig. 14 Effect of variable weld cur- 
rent upon the tension-shear strength of 
titanium-aluminum welds 


but to the fact that the 
separated 
O.014 in 


produc ing a moment on the weld when 


chromium 
titanium and stainless were 


1) ipproximate! henes 


placed in shen The additional chro 
miu did not materiall ilter the in 


formation, as the 


termetallic compou 
veld nugget had the same characteristic 
ippearance as in the titantum-staintess 
steel weld 

Chromium platings were applied to 
both titanium and stainless steel and 
tested for 


this combinatior improved 


weld quality Difficulties were en 
countered in the case of titanium and the 
plated specimen were poot however 
the stainless steel specimens were er 


Weld qualit showed no un 
unplated 


good 
provement specimens 

The third attempt at increasing the 
nugget chromium content was through 
the use of 446 
steel without nickel 
tent of this allo Vit 
pared to IS, for stainless 30] 
strength of this weld showed no increase 
over the titantum-stainless steel 30] 


tainles i high allo 
(Chromium con 
ibout Com 


Shear 


veld 
Phe average tension shear strength 


of the increased chromium content 


weld ur’ i follow 


wh it 

taimle it) O40 


Chromium-plated titanium 


if 
146), 45 
One Cycle Welds 

A few titanium-stainless ste pec 
itt A dt of ol 
the theory being to reduce the time of 


ontact between the molten metals and 
hence the tire lor formation 


material Shiewl 


elal 


Spot Welding Titanium 


strength result showed no improvement 


over the conventional welds Average 


strength of these welds was 625 Ib 


Conclusions 


Che followme conclusions have been 


established on the basis of experimental 
observation described herem 

Attempts to effect a better heat 
tigh the use of a high 
resistance electrode produced little on 
no improvement in the characteristics 
ol titantim-staink we lids The 
maximum tension-shear strength, ob 
tained for welds of solid phase or plasti 
state bond, was (40 |b. Increasing 
heat caused cracking of the nugget 
material and formation of an inter 
metallic compound of crystalline appear 
accompanied 
by rapid decrease tension-shear 
trength of the weld 

Tnvestigation relative to. the 
components of stamunl steel indicate 
that the incompatibility of the titanium 
stainless steel weld 1 probably due to 
content of the 


3 OF the three principal components 


the ren stainless 


ol stank ‘teel, chromium produced it 
far better weld with titanium than 
nickel No theory for 


present 


either or 
thus mivanced ut 

{ Because of the like properties of 
titanium and zirconium, welds of this 
highest strength 
Duetility 
tension-shear strength 
about Tb 
Magnesium or the 


nature produced the 


of any combination tested 
remained 
reached 4a value ol 
aluminum, 
when spot welded to titanium, produced 
braze-type joints of far characteristics 

inp oxide film from 
welds 
sith a tension-shear strength of 525 Ib 


By carefully reme 


both titantum and magnesium 


with a tension-shear strength of 525 Ib 
in aleo be made provided the oxide 
removed trom the 
titan 

4 Using the techniques deseribed 
herem thie 


chromium into the 


injection of additional 


effect on the weld 
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FABRICATION AND WELDING OF 
ARC-CAST MOLYBDENUM 


Study aimed al developing materials and procedures 


for making fusion weldments in molybdenum sheet 


with improved bend ductility at low temperature 


BY R. E. MONROE, N. E. WEARE AND D.C. MARTIN 


ABSTRACT. The objective of this in- 
vestigation was the development of im 
proved methods and procedures for pro- 
ducing molybdenum weldments with good 
room-temperature ductility. Sheet ma- 
terials and fusion weldments made in a 
dry box from '/ie and '/ein.-thick are 
east molybdenum had good bend proper- 
ties at low temperatures, The best due 
tility was obtained from 0.7) titanium 
alloys and carbon-deoxidized molybdenum 
with a low-earbon content (>0.025';) 

The effeeta of variation in com posttion 
and fabrication procedures on the ductility 
of fusion weldments were studied for 
titanium-neutralized and 
dized molybdenum, The titanium-neu 
tralived alloy containing O.7°), titanium 
had better weldment ductility than alloys 
contaming 0.5 and 1.0°), titanium Sum 
plified melting and fabricating procedures 
did not adversely affeet the duetility of 
titantum-neutralized molybdenum weld- 
ments, although double melting of the 
ingots was required to avoid weld porosity 
Better weld ductility was obtained from 
lower carbon content material in com 
mercial carbon-deoxidized arc-cast molvb 
denum However, the ductility of sheet 
and weldments in experimentally rolled 
carbon-deoxidized molybdenum was not 
affected by the carbon content Rolling 
sheet in a protective jar ket did not affect 
the ductility in either type of molybdenum 
An over-all improvement in) weldment 
ductility was obtained by welding in a 
high-purity helium atmosphere and grind 
ing the weld surface after welding 


carbon-deoxi 


Introduction 
This study was made to develop ma 
terials and procedures for making fusion 
weldments in molybdenum sheet with 
improved bend ductility at low tem- 
peratures. Are-cast alloys of molyb 
containing 
carbon additions wer 


denum titanium and/or 
found to have 
good bend properties at room tempera- 
ture in welds made in a helium atmos- 
phere The effects on bend properties 


of variations in composition, purity and 
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fabrication procedures on ductility were 
determined by comparing the results of 
a simple bend test. 

Molybdenum has several properties 
which recommend it for high tempera- 
ture use. It has a high melting point 
and good strength at high temperatures 
The modulus of elasticity of molyb- 
denum at 1600° F is a third greater 
than steel at room temperature. The 
low thermal expansion of molybdenum 
gives it exceptional thermal shock resist 
ance, Other properties which make 
molybdenum advantageous for mans 
uses are good electrical conductivity and 
good corrosion resistance in many 
mediums 

Poor oxidation resistance and diffi- 
culties with welding are at present the 
main deterrents to the immediate use of 
molybdenum in many applications 
The oor oxidation resistance of molyb 
denum can be offset by design modi- 
fications or by the use of claddings, but 
only an improvement in the weldability 
will make it possible to use the metal for 
The object of this 


investigation, therefore, was the develop- 


many applications 


ment of a weldable molybdenum alloy 

Molybdenum weldments may be poor 
because of two things: (1) porosity in 
and around the welds, and (2) lack of 
room-temperature ductility in the weld 
and heat-affeeted zone 
have shown that welds in are-cast mo- 


earlier studies 


lybdenum alloys normally do not have a 
great amount of porosity and that welds 
have good ductility at around 400° } 
and above. However, very poor duc 
tility was obtained at room temperature 
and some means of HHproving the room 
temperature ductility was needed 
Molybdenum welds have the same 
deficiency in room-temperature du 
tility a8 are-cast molybdenum before it 
is fabricated due to the similarity in 
structure. Information gained on the 
factors affecting the room-temperature 
ductility of cast molybdenum is there- 


fore valuable in the development of a 


Welding of Molybdenum 


weldable molybdenum. An extensive 
study of the effects of impurities and 
alloying elements on the ductility of 
cast molybdenum was summarized in a 
recent report to the Office of Naval Re- 
search.' The most important findings 
were as follows: 

1. The low-temperature ductility of 
are-cast molybdenum is very sensitive 
to minute quantities of oxygen, less 
sensitive to nitrogen and much less 
sensitive to carbon. 

2. Additions of 
range of 0.5 to 10% overcome the 


titanium the 


deleterious effects of small amounts of 
oxygen. 

Figures | and 2 show the effects of 
impurities and of titanium on the mini- 
mum temperature at which specimens 
of are-cast molybdenum showed initial 
plastic deformation in bending 

A program was initiated to extend 
these findings to molybdenum weld- 
ments. Alloys containing from 0.5 to 
1.0% titanium were carefully prepared 
to exclude as much oxygen, nitrogen and 
carbon is possible. These alloys were 
fabricated by extrusion and rolling into 
sheet, and weldments were made for 
kiffects of 


minor relaxations in requirements for 


evaluation by bend testing 


purity and fabrication were included in 
this study to determine if 
methods could be substituted for the 


simpler 
more costly steps used in the alloy 
fabrication without having a= detri 
mental effect on the weld ductility 
Initially, commercially-available car- 
hbon-deoxidized molybdenum 
lected as the base material for deter 


Wiis 


mining the effectiveness of titanium- 
neutralized alloys in improving weld 
ductility. Arc-cast 
molybdenum is available as a com- 


carbon-deoxidized 
mercial product and can exsily be 
welded to produce crack- and porosity- 
free welds in thin sheet. Carbon- 
deoxidized molybdenum is considered 
an unalloyed material and the carbon 
present in this material is limited to the 
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Fig. | 
ture of cast molybdenum 


minimum residual content consistent 


with good deoxidation practice Im- 
provements in the melting procedures 
have steadily lowered the amount of re- 
sidual carbon to a current value of 
about 0.02% 

A study of ductility of a commercial 
sheet 


made 


containing 0.04607 carbon was 
while the 


being fabricated 


titanium-neutralized 
Results 
showed a vast improve 
weld ductility 
the welding methods used for this pro- 


alloys were 

of this study 
ment in the when using 
gram on material tested several years 
ago? using different welding methods 
These results prompted a more exten 
sive study of carbon-deoxidized molyb- 
denum to determine if changes in 
fabrication procedure and composition 
weld ductility in this 


type of molybdenum 


would improve 


Commercially-available — sheet was 
used for some of this work. but for some 
studies it was necessary to fabricate 


sheet from commercial extrusions. The 


300, 


200 


FB of ductility of 


100 control ingot 


Bend-Test Transition Temperature, C 


-100 


@ Alloys melted in helium 
® Alloys melted in vacuum from consumable electrodes 


Effect of oxygen, nitrogen and carban upon bend-test transition tempera- 


ductility of weldments from pilot extru- 
made at Oak Ridge National 
Laboratory also was determined. Tests 


ial alloy 


sions 
also were ol i 
containing a nominal O.5°) titanium 
addition and on a mmercial carbon 
deoxidiszed sheet of s-in. thickness 

All weld 


tungsten-are welding in a helium-atmos 


specimens wer prepared hy 


phere chamber Fusion welding Wiis 


used, since it appears to be the most 
prac tical method for construc ting many 
components of molybdenum 

bend duetilit 


weldments produced 


vas obtained in 
both the 


titanmum-neutralized and carbon-deoxi 


from 
dized molybdenum The greatest un 
provement in ld ductility eame from 
the weld 
ductility at room 


grinding urface, increasing 
temperature in most 
brittle to fairly 
titanium-neutralized 
1.09 


titanium alloy 


cases trom cornpletel 
ductile. Of the 
studied (0.5. 0.7 and 
titanium the 0.7% 
the 


alloys 


ductility in weldments 


4 
« 
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Fig. 2 Effect of titanium on bend-test transition temperature of cast molybdenum 
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Von roe 


et al 
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Lowering the earbon content of the 
carbon-deoxidized alloys increased the 
weld duectihty in rolled 
sheets, but did not affeet the weld due- 
tility 


rhe paper has been divided into see- 


commer inlly 


rolled sheet. 

tions on experimental procedures and 
factor iffecting the duetilitv of sheet 
ind weldments. The section on experi 
mental procedures contains descriptions 
of the preparation of titanium-neutral- 
ized and carbon-deoxidized sheet and 
welding and testing procedures, In the 
affecting the ductility 
titanium- 


section on tactors 
of sheet and weldments, the 
ed and carbon-deoxidized alloys 
separately. These are 
followed by a summary of the results and 
derived from the results. 


neutraliz 
are handled 


conclusions 


Experimental Procedures 


Special procedures had to be devel 


ped for the preparation and handling 
of the materials used for this study 
These procedures include the fabrication 
of sheet elding and testing procedures 


Preparation of Titanium-Nevtralized 
Molybdenum Sheet 


The ious steps ind variables 
studied in the preparation of titantum- 
neutralized molybdenum sheet are tabu- 


lated below 


1) Preparation of ingots 


tion, purit wd number of 
mett Varied 
varied 


trusiol temperature 


eel talliization 


preparation, 


oling 


Canning 


atime phe re during 


heating i idl 

Stre relief time and tempers 
tire ried 

Pesting urface of sheet varied, 


Comrocreial molybdenum ingots could 


not be used to make the titanium 


neutralized allo becnuse of their in- 


adequats purit Sintered molyb 
denum is puriied by two methods 
to lower the oxygen content to a more 
icceptable leve In the first method, 
erushed } ‘ owly melted in a 
wuum of than O22 micron of 
merceur using tungsten electrode,’ 
By melting just once, the oxygen con 
tent ‘ to bn 0.0005%, and 
the i nh content was about 0.002% 
\ iit te met other sintered 
‘ j meited 48 CON 
imable eleetrode commercial Tur 
nace phic examination 


yen content 


ext ted to be and 
O.00159,. and tl content was be 
0.0050; preparation, 

the punfhied molyb 
enul titanium and 
et j yraphite were 
Ditanium-neutralized molybdenum in 
got pecial areamelt 
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img furnace under an atmosphere of 
purified helium, Most 
melted twice to insure a uniform com- 


ingots were 
position, others were melted only once 
Macroporosity was present in ingots 
melted only once indicating the presence 
of gas which was not removed by a 
single melting. 
relieved in hydrogen for at least '/> hr 
at 2000 or 2200° F and then sealped 
for extrusion, 
Extrusion by the 
process was used for the initial ingot 
breakdown, since forging usually results 
in cracking of molybdenum ingots. The 
extrusions were made on a 750-ton hori- 
zontal extrusion press at Oak Ridge 
National Laboratory. ‘Two pilot extru- 
sions of carbon-deoxidized molybdenum 
from a single ingot were made to estab- 
lish conditions. Extrusion ratios of 4:1 
and 5.8: were used with a mixture of 
Pyrex and window glass for a lubricant 
Initially, an extrusion temperature of 
2300° F was used; however, temperatures 
of 2550 to 2600° F produced a greater re- 
covery ol sound metal and were used for 
later extrusions. Two ingots contaming 
0.008°;), added earbon (0.0107, total car- 


All ingots were stress 


Ugine-Sejournet 


(Left) Longitudinal section and (right) transverse section. 
Fig. 3. Typical microstructure of titanium-neutralized molybdenum sheet 


bon) failed to extrude entirely. How- 
ever, the extruded portion of these ingots 
was more sound than the lower carbon 
billets. The extruded billets were re- 
crystallized for | hy at 2600° F in hydro- 
gen before any further fabricating opera- 
tions were performed. 

The cylindrical reerystallized bars 
were then flattened for rolling in a forge 
hammer to a thickness of */, or 1 in. 
The forging temperature was 2200 to 
2300° F. Billets to be rolled in a clad- 
ding were forged to tighten the jackets 
before rolling 

Initially, it was thought that the best 
rolling sehedule for these alloys was to 
start at 2000° F and gradually reduce 
the temperature to 1350° F. Sheet 
rolled using this schedule was found to be 
severely laminated, so higher rolling 
temperatures were used (2000 to 2300° 
F). All rolling was done on a 8S by 12 
two-high mill with reductions of 20 to 
25% per pass. Samples were reheated 
between passes in a hydrogen atmos- 
phere, except for some clad specimens 
rolled below 2000° F. Most of the sheet 
was stress relieved for 1 hr at LSO0° F 
after rolling. Microstructures of typical 


titanium-neutralized sheet are shown in 


Fig. 3. 


Preparation of Carbon-Deoxidized 
Molybdenum Sheet 

The general fabrication procedures 
for commercial arc-cast carbon-deoxi- 
dized molybdenum sheet have been de- 
scribed by Deuble.** 
tion on the commercial materials used 
in this study is given in Table 1. All 
sheet was rolled on a commercial mil! 
without any cladding. In commercial 
practice, reheating is done in a slightly 
reducing atmosphere when it is con- 
sidered necessary by the rolling foreman 


Specific informa- 


The oxide coating was removed prior to 
delivery of this material. 

Two commercial extrusions containing 
0.015 and 0.042% carbon were obtained 
to study the effects of cladding and com- 
position on material rolled under known 
conditions. Both of these extrusions 
were made at 2360° F with a reduction 
from 6', in. in diameter to 4 in. in di- 
ameter. The extruded bars were an- 
nealed | hr at 2600 to 2700° F. Each 
extrusion was cut into pieces approxi 


mately 1%, by 2 by 2 in. and rolled as 


hreak dou n 


Eextruded from 6'/» in 
diam to 3°/, in. diam 


Table 1—Data on Commercially Rolled Molybdenum Sheet 


Initial 
working 


at 2300° F* 


in 
2580 
Same as 


Alloy (‘om poattion 
apecime w/o 
cs 0 
C16 O20 
civ 0 


Forged from 5° /geim 
diam casting to 3'/, 
diam at 2450 to 


from in 
diam to 4'/, in. diam 
at 2300° Ft 


sheet bar* 


Intermediate 


Forged to 1'/, by 4°/s-in 
sheet bar at 2350 


Rolled to 1 by bar 
at 2300 to 1900° F 
Rolledt to 1'/s- by 


Forgedt from to 1'/s 
in. by 4°/-in. sheet bar* 


Finish rolling Final 
lemperalure, thickness, 
in 
2500) 1900 
2500) 1900 
23500-1000 ‘ 


2300-1900 


* Annealed | hr at 2600° F 
t Temperature for rolling not given 
t Annealed 1 hr at 2750 to 2000° F 
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Fig. 4 


Fig. 5 Vacuum-purged dr 
atmospheres 
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y box for welding in inert 
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shown in Fig Between passes, the hardening i letter 
material was reheated is helium measurements 
atmosphere No difference strain fabricated | 
Heat Ci? (0,042 w carbon) Heat 
Annealed extrusions 4-in, diameter t in, long 
1 Cut into two pieces abe i 
T 
CIBA 
| 
7 4 
| Clad with 3/16-in, -thick mainless stee 
| 
| 
| 70 per cent total reduction in six passes at 2300 F(T = 0, eda 
85 per cent total reduction in three additional passes at f iad a 
| (T = 0,25 in.) five 
r 7 F 
#0 per cent total reduction in two additional pases at 19 Fit. 
| 
| 
{ 7 
| Original cladding split during rolling and was removed; reclad v 
| | Stainless steel 
| | 
4 i 
1) per cent total reduction in five additional pases at 1800 F (7 
4 4 4 
Stress relieved 1 by at 1800 F in helium 
Note All rolling with 20 per cent reduction per pass and five-min reheating time 


carbor 


be tweer 


passes 


Flowsheet for rolling experimental carbon deoxidized molybdenum sheet 
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(lures Both ext ions had «a 
hardness of Is2 the hardness 
al t! heet ranged from 260° to 


265 DPH 
Additional material for this study was 


xtrusions made 


obtamed from the tinhe 
it Ridge Laboratorv. This 
sheet was rolled by the same procedures 
used the first titanium-neutralized 
vhich were deseribed earlier 

M tructures of the sheet materials 
were similar to those shown in Fig. 3 
titanium-neut bole nuin 


Welding Procedures 
procedures 
the 


Specht equipl ent and 


vere oped t« eon 


bdenum allove during 


tamination of thol 

fusion-welding operations, Inert-gas- 
hielded tungsten-a elding was used 
in tl vork since it is versatile, it can be 
controlled close nd contamination ts 


equipment used in welding and the pro 


prima | i function of gas purity 


cedures for handling the molybdenum 


during and after welding are 
ke eribed the to 
\ welding Vil (home 


purged 


hndrical 


seetion 

in con 
dry hox 
1 it long 
5 shows 


The dry 


Phe ay Hox Wa 
hy dain. in ad 
the exterior of the di 


by yas purged to a vacuum of 0.1 
micron ¢ ereul i forepump diffu 
ts During the evacua- 
tion period, hot iter wae circulated 
throug! Vater jackets to speed out 
gassing of the chamber walls. After 
purging, the pumps were isolated from 
the working chamber, and gas was 
directly from a high-pressure 


‘ Phi 
the 


technique insured that 


dry-box atmosphere 
the gas in the 
hor thi 


ing setup was used to 


Wits pure 
liner 
program, an automat. weld 


produce uniform 


Fig. 6 Setup for automatic welding in helium atmosphere 
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und sheets 
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Jig Dimensions 


Longitudinal specimens 


Transverse specimens 
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Fig. 7 Nomenclature and dimensions for bend-test jig and specimens 


welds. The dry box was equipped with 
a constant-voltage welding head which 
controlled water-cooled  eleetrode 
holder passing through O-ring seals at 
the top of the chamber Molybdenum 
were clamped to a 
traveled 


Figure 6 shows the 


sheet specimens 


screw-driven carriage which 
under the electrode 
interior of the chamber set for automatic 
welding. Welding current was supplied 
by a 400-amp direct-current rectifier 
The control eireuit of the welding head 
struck the are, started the carriage im 
motion and maintained a constant arc 
voltage during welding 
ment gave a minimum variation of the 
during the test 


This arrange- 
welding conditions 
program 

The importance of meticulous pro- 
cedures in the handling of molybdenum 
before and during joining have been 
reported by other investigators.6 How- 
ever, in the work reported here, con- 
sideration also was given to the prac- 
ticality of the various procedures. 
Methods were developed which were 
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precise enough to produce satisfactory 
welds without being practs al for the 
construction of useful welded structures. 
The cleaning of joint surfaces before 

inportant in 
Keven slight ox- 


welding is particularly 
welding molybdenum 
ide films and possibly higher impurity 
levels at the sheet surface can cause 
brittleness in molybdenum weldments 
Molybdenum sheet which was rolled 
in air had a heavy oxide coating on 
the sheet surfaces. This oxide coating 
was removed by immersing the molyb- 
denum in a molten sodium-potassium 
nitrate salt bath 
of the oxide, the temperature of the 
salt bath was held at 700° F 
lower temperatures could be 
Any surface defects in the sheet were 


For rapid removal 


although 
used, 


removed by grinding, 

When the jacket was peeled off 
the titanium alloys which were clad 
for rolling, the sheet generally had a 
rough surface. This surface probably 
was caused by the tearing of lamina- 
tions which were present in sheet rolled 
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This rough sur- 
before the 
operations. In 
thickness was 

Weld speci- 


were cut trom 


at low temperatures. 
face was ground smooth 
final cleaning 
eases, the final sheet 

0.040 in. after grinding. 
mens about | by 4 in. 

the titanium-neutralized and carbon- 
deoxidized after the initial 
cleaning and grinding. 

To insure a clean surface for welding 
the molybdenum was etched in «a 
solution containing 95 parts HSO,, 
1.5 parts 0.5 part HF and 18.s 
The specimens were 


sheets 


g per liter 
immersed in the hot etchant (140° F) 
for 30 sec, then rinsed in hot water and 
acetone. The were then 
placed in the dry box for welding. 

Weld specimens were clamped to a 
steel jig by hold-down 
There was no 


specimens 


two copper 
plates. backing for 
'/, in. on each side of the joint. The 
dry box was loaded with several speci- 
mens for each run. After 
purging, the dry box was rapidly filled 
with Grade A helium. A weld bead 
was made on zirconium plate for several 


vacuum 


minutes to gather the atmosphe re and 
to check its purity. No discoloration 
or tinting of the zirconium was observed 
before any of the molybdenum welds 
were made. 

Welding conditions which produced 
full penetration selected 
several trial weldments on scrap molyb 
denum had been made. Both bead 
welds 


were alter 


on-plate and square-butt-joint 


were used in this work. There was no 
difference in the weld shape or pene- 
tration in weldments made from eithe: 
type of specimen. The welding condi 
tions established to give full penetration 
for various sheet thicknesses are given 
in Table 2. All 


without the addition of any filler metal! 


welds were race 


In some cases, this caused slight irregu 
larities in the weld surface. 


Table 2—Welding Conditions for 
Inert-Gas Tungsten-Arc Welds in 
Molybdenum Sheet 


Welding current, 
amp 65 for 0.040 in. thick 
120 for in. thick 
160 for '/, in. thick 
Are voltage, v 20 
Travel speed, ipm 12 for 0.040 and 6 
in. thick 
8 for '/, in, thick 
Voltage sensitivity 
control 
Electrode 
Atmosphere 
Current type 


Normal 

'/,in.-diam. Zirtung 

Grade A helium 

Straight-polarity 
rect current 


After welding, all specimens were 
stress relieved for 1 hr at ISOO° F in 
flowing tank hydrogen. The need for 
this stress relief was never determined 


in this study and is probably unnec- 
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for small specimens, but it 


\ 
has been shown that this treatment will 
relieve some of the stresses In more com- 


plex weldments 
Test Procedures 

Molv bade 
brittle 


found in ferrous metals 


ductile-t 
those 


exhibits 
transitions similar to 
Such transi- 
tions are usually defined by arbitrary 
tests 


the design of structures 


useful in 
through the 


which are eventuall 
correlation of test results with success 
or failure in service. The temperature 
at which such an arbitrary transition 
number of 


defined 


factors 


occurs is dependent on a 
factors which can usually be 
as strain rate and on other 
must be determined 

Loss of ductility in molyb 


which expert 
mentally 
denum is most apparent when the metal 
is subjected to bending stresses trans 
verse to the direction of working in 
wrought metal or grain orientation in 
the cast metal For the « 


the changes in bend ductility of sheet 


iluation of 


and weldments, a simple bend test was 
used In this test, the 
the bend specimen was thi 
of the 
and the width was twice the thickness 
The terms used to deseribe the 
dimensions of the test 
equipment are shown in Fig. 7 Al) 
tested with the face of the 


thickness of 
thickness 


sheet or weldment being tested 


mens and the 


welds were 


welds in tension during bending Nor 
mally only the transverse 
were used. since they defined the worst 


applied at 
the center of the specimen at i deflec 
tion rate of | ipm At this deflection 


the strain rate was faster than a norma! 


conditions The load wie 


slow bend test, but slower than an im 
pact test. The straim rate at the start 
was 0.010 in. per inch per 


oft be nding 


second for a O.040-in. thickme 
in. per inch per second for a e-in 
thickness and 0.032 in. per inch per 
second for a ein. thickness These 


slight differences in strain rates vould 
not cause a significant change in trans 


tion temperature 


Specimens were bent until fracture 
occurred or to & maximum angle of 
Oo) the temperature range trom 

79 «to +250 ( Phe 
measured vas the permanent bend 


angle after fracture, giving an indica 
tion of the amount of plastic flow vhiecl 


urré during bending bor con 
venience n interpretation the data 
were plotted on rectangular coordinates 
and if envelop Wiis drawn to contain 


all pointe 
The transition temperature of 


given mle Vis chosen the lowest 

temperature it plasti flow 

oecurred. Transition temperature 

probably a measure of purit is if 

influences plastr flow i oarse-grained 

material Figure % shows the differ 
t of test equiy 
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20 

Cc 

E 
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Temperature, ( 


Cast Carbon-Deoxidized Molybdenum 


> 

390-——— 

| 
0 O\5 
carbon 


a -100 O 100 


r Ci2) 
0 0496 w/o carbon 


Tested without 
grinding the sur foce 


-100 0 100 


Temperature, ( 


Welded Carbon- Deoxidized Molybdenum 


90, 
80 


4 60 | 4 


100 100 


4a 
4 i —— --+f 

0.046 w/ carbon 


100 0 100 


Temperature, ( 


Wrought Carbon-Deoxidized Mo 


Fig. 8 Typical bend-test plots 


that tain the bend-test plot 
t elded | rought mate i 

range between the temperature 
it which al vomens bent 0 to 90 
deg appeal ti ‘ good measure ol 
differences in tructure Inerea 

ng t Siz lens the tempera 
ture range in the transition occur 
from 0 to 90-deg bending. However 

t} vork. the timportant considera 
tion nm tluating different matenal 


room tempera 


VMetallograp! md 
Ingation vere 
the effect 


radiography 
te round out 


the data needed 


on the duetilit of 
denum samples 


Factors Affecting Ductility 
Bend tests were made on the molvb 


to we lding to deter 


etal lding al VW olybde num 


yodeén um Sneet 


t} and 
fabricating thles on the duetility 
t} } I} ections de 


iiables on the 
luctulity of tl heet and weldmenta for 


tits neutralized and carbon-deoxi 


Titanium-Nevtralized Molybdenum 


I} Ol the titaniume-neu 

Zed molybdenum sheete wae gener 
Viost sheet materials had 

transition temperatures below 716° 
wal bent 9O deg at room 

ture previousl mene 
luctilitv of ought sheet was 
irt i | nmucrostructure, 
| which changed the 
tructu exerted the greatest 

nfl tilit Sheet rolled 


tarting at 2000° F and gradually 


temperature to 


| 
Sh 
9/9 
4% 
| 
¥/// 
/, | 
a 6 /a/¢/ A 
| | 
200 
0 O15 wh Irbon 
0 
| 
diz 
wit the ductiit | 
denum sheet prior reducing the rolling 
: 


Murazami's eich, 0.7% titanium. XK 100 Murakami's etch, X 100 

Fig. 9 Typical weld-metal structure in titanium-neutralized Fig. 10 Lamination in the weld heat-affected zone of 

molybdenum. (Reduced by | ; upon reproduction) titanium-neutralized molybdenum rolled at low temperatures. 
(Reduced by ' , upon reproduction) 


1350° F had good duetility but had a of grinding the surface with a hand followed the same trend found wit! 
strong tendency to laminat Sheet grinder, made on carbon-deoxidized cast molybdenum, where an optimun 
rolled by starting at 2300° F and molybdenum, all bend-test samples composition existed. The  bend-test 
finishing at 2000° F had about the sane were cut from weld joints which were data used to compare the effects of 
degree of duetility but much less ground smooth. A comparison of the titanium content are shown in Table 4 
tendency to laminate. Sheet rolled by bend properties of the materials which Below the optimum addition, ther 
starting at 2400° F and finishing at were tested under both surface condi probably was not enough titanium 
2200° F, or reerystallized at) '/,-in tions is given in Table 3. The vast present to combine with all the oxygen 
thickness before final rolling, was britth improvement inp the surface-ground present, and over the optimum addi 
at low temperatures. Removal of 0.001 specimens is obvious. The effects of tion the alloys may be embrittled by 
in. from the surface of the sheet finish surface treatment are explained more solid-solution hardening. 

rolled at 2000° Fo was necessary to fully in the section on carbon-deoxidized 

obtain good ductility. Cladding the molybdenum. Studies of all other 

alloys for rolling was not necessary to effects were made with surface-ground Table 4—Effects of Titanium Content 
obtain good ductility Stress relieving specimens on Weld Ductility 


the sheet at to 2000° after 
Transition Bend 


rolling improved the ductility of the Tit ; ; 
sheet. Variations in the titanium con Table 3—E€ffect of Surface Grinding 
tent from 0.5 to 1.0% did not affect on the Ductility of Welds in 0.7 w/o specimen w/0 on" in 
sheet duetility and slight variation in Titanium Alloys Rolled in air above 2000° F 
the purity of the initial molybdenum P 
meltin stock had no effect on the Transition Bend BIA O5 Ho 0 
} Specimen tempera at BSA 07 600 
The ductility of the titanium-neutral- specimen dey 
ized weldments varied much more than ‘ 
AW 10 +10 BIB 0.5 $5 10 20 
the sheet materials. Variations in Sc; 
ae 12 35 07 2 18 
composition and purity produced more BS AW 25 2 . 
noticeable differences in welds, because SG; Ww 12 
of the coarse grain structure in. the 4 AW SO) 0 Rolled in cladding at or below 2000° I 
fused and heat-affeeted zones. The BG 20 is Bic 05 20 0-30 
greatest improvement in weld ductility BS AN OO) 0 ow 12 $5 
25 
was caused by removing the as-welded 10 40 15106 10 O-4 
surface by grinding. Metallographic 
examination did not disclose any notice- * AW, tested aswelded; SG, tested * Cladding fused to alloy during stress 
able changes between weldments with after hand grinding relief and may — — EXCESSIVE COn- 
good and had ductilities Figure Q tamination of this materia 
shows the typical structure of welds in The composition of the titanium 
titanium-neutralized ‘nolybdenum, The neutralized alloys was varied to study The effects of melting-stock purit 
structure appears free of impurities at three titanium levels, two levels of could not be isolated, since all of the 
the grain boundaries and within the initial molybdenum purity, and a high-purity alloys were rolled below 
grain. The variables studied are dis slight addition of carbon 2000° F, while the low-purity alloys 
cussed in the following sections Alloys containing nominal additions were: rolled above this temperature 
Originally, bend tests were made on of 0.5, O07 and 10°) titanium were Bend ductility of the welds did not 
samples cut from as-welded joints made to determine the effects of titan- appear to be affected by changing the 
The surface of these jointa were fairly ium additions on the ductility of molyb- initial melting-stock purity In some 
smooth, although at times small de- denum weldments. Welds in the 0.7% instances, low-purity alloys had slight!) 
pressions were present along the fusion alloy had ductility better than either better weld ductility than correspond- 
line. Following a study of the effects the 0.5 or 1.0° allovs. This finding ing welds in high-purity alloys 


Monroe, et al.-- Welding of Molybdenum WELDING RESEARCH SUPPLEMENT 


—— 
‘ 
| 
‘ 
j 4 


Table 5—Effect of 0.01 w/o Carbon on Weld Ductility in 0.7 w/o Titanium Alloys Rolled in Air 


Carbon Bend angle, dearee at te m perature ( 


content, 


specimen w/o 


B4 0 002 0 0) 9 


0 O10 


The addition of 0.01% % carbon to the difference in rolling temperature, which this difference in the tendency to form 
0.7% titanium alloy appeared to im in turn, controlled the extent of lamina porosity was probably caused by the 
prove the weld ductility over compara tions in the sheet. Laminations could entrapment of gas in sheet rolled from 
ble welds made in this alloy without the cause porosity by several mechanisms single-melted ingot Macroporosity 
. earbon addition, as shown in Table 5 The number of times that the ingots Wi tino present n the single melted 
Unfortunately the carbon addition vere melted also affected porosity u ingot 
ilso increased the resistance to deforma sheet rolled at low temperatures. Weld» 


Carbon-Deoxidized Molybdenum 


tion by extrusion above the press in material which was melted only once 

capacity and very little of this material contained substantially more porosity Of the variable tucdied for carbon 

was available for study than similar welds in twice-melted deoxidized sheet, only specimen orien- 
Only two sets of material (BLOB material. Weld porosity in the single tation, thicknes und) othe) titanium 

and BLOC, and BIIB and BIIC) were melted material could be reduced by addition had much effeet on sheet 

available to study the effects of rolling remelting the weld The reason for duetilit Commercially-rolled sheet 


temperatures on weld ductility inde 


pendent of other variables. Data for 


these materials were presented pre 
viously in Table 4. In both sets, the 
difference in weld ductility was slight 
wen the rolling procedure was changed 


«Nickel plate 


from rolling at 2300° F and finishing at 
2000° F to complete rolling at 2000° F 
Although exact comparisons could 


not be made the general effeet of ; 

rolling at the low temperatures whicl 

produced serious laminations was to 

lower weld ductility and increase the “ars. } / 


scatter within the transition range 
One type of flaw that results from bad A. 


laminations is shown in Fig. 10.) Such 


defects would not be desirable in any kee. he 


material, particularly one as notel 


Murakomi's etch, X 250. 


sensitive as molybdenum 


The ductility of welds in titanium Fig. 11 Weld surface before grinding. (Reduced by 
upon reproduction) 


neutralized alloys was not affected b 


cladding the material during rolling 
Evidently, when sheet was rolled in 


Table 6—Bend-Test Results for Carbon-Deoxidized Molybdenum Weldments 


air and reheated in hydrogen, oxyger 


did not diffuse into the alloy in (‘arhon Transition at 
cient quantities to harm weld duetilit content Surface lemperatiure mt, 
provided the contaminated — surface pecimen condition ( dey 
were removed before welding. How in, commercial shi 
ever, another possibility is that enough C1I2A° O46 welce 0) OR 
diffusion oceurred during extrusion C128 As-welded 0 
which was always done without clad CI6A 0 O20 As-welded 0 0-40 
ding to overshadow the effects ol C16B (nt nd 
diffusion during further working without in. experimental sheet from experimental extrusion 
cladding CI4A 0 036 As-welded 25 020 
Slight fusion-line porosity was found 0 036 Ground 10-25 
in many of the titanium-neutralized n. experimental sheet from commer 
illoys This porosit slight! owered CITAIL 0 042 1) 
veld ductilit ind caused much of the C1I7A2 Ground A) 825 
scatter in bend-test results, Severs Ground 2 40 
factors influenced the amount of po CISA 0 O15 Ground ww 2.10 


No 


served in weld nad ein, commercial shies 


obtaines 


rosit 


ire) ow-purit melting 
C3 0 O41 Ground 25 


init 


stock This sheet was rolled at higher CW Ground 4-12 


temperatures than the sheet made fron 


high-purity stock It more ikKel * Longitudinal-bend specimens sll other testa made with tra eree-bend specimens 


that porosit vas associated with the t Titanium content, 05 w/o 
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B7 0 0 0 2%) 12 6 Is 
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had better ductility longitudinal to commercial rolling procedures to allow Originally, tests were made using 


the direction of rolling than transverse an explanation of this difference in bend specimens cut from as-welded 
to the rolling direction. Experimen- behavior. strips. Metallographic examinations ot 
tally-rolled sheet showed little effect Bend teste were made on weldments these strips showed slight surface 
of specimen orientation. Commercial in carbon-deoxidized sheet to determine irregularities, as shown in Fig. 11 
sheet '/, in. thick had about the same the effects of weld surface, carbon con- Tests were made in which the weld 
ductility as commercial sheet '/y in. tent, specimen orientation, weldment surface was ground with a smal! hand 
thick, but the temperature for 90-deg thickness, titanium additions and fab- grinder. A marked lowering of the 
bends was higher for the '/s-in,-thick rication variables (in the case of transition temperature occurred as 
sheet. The addition of 0.5% titanium experimental sheet). Results of these shown by comparing the data for CI6A 
to the earbon-deoxidized molybdenum tests are summarized in Table 6. The and B, C14A and B, and CI7A1 and 
increased the strength of this alloy to greatest improvement in weld ductility A2. Irregularities on the as-welded 
the point that no bend greater than was obtained by grinding the weld surface, while slight, still might act as 
60 deg was obtained up to temperatures surface. Lower carbon contents in notches and raise the temperature at 
of 225° C. Changing the carbon commercial sheet also gave better which plastic flow initiates in molybde- 
content of experimentally rolled sheet weld ductility at low temperatures num weldments. The welds were 
did not affeet the ductility of the sheet. In experimental sheet, however, there ground with a fine abrasive wheel! in a 
Slight changes in the rolling procedure was no effect on weld ductility from direction such that any seratches would 
and cladding for rolling did not affect varving the carbon content. Tests have the least effect as notches 

the sheet duetility. Experimentally made on welds in commercial sheet Previous work at Battelle! indicated 
rolled sheet generally had better transi- indicated a slight improvement in weld that lowering the residual carbon con 
tion temperatures than commercial sheet ductility for specimens bent in a tent of molybdenum castings increased 
However, commercial sheet had a more direction longitudinal to the rolling the ductility at low temperatures 
abrupt transition as determined by direction. The other variables studied The first test made on weldments in 
the temperature range between 0- had little effect on weld duetility commercial sheet tended to confirm 
and W-deg bending. Not enough in- Analysis of all the factors studied is this. Welds in 0.020% carbon sheet 
formation was available about the presented in the following paragraphs (CI6A) had better ductility than 


Muakami’s etch, X 250. (Left) 0.015% carbon and (right) 0.042% carbon 
Fig. 12 Carbon-deoxidized molybdenum weld metal. (Reduced by ' , upon reproduction) 


Murakami's etch, 0.036% carbon. X 250, Murakami's etch. 0.029% carbon. X 250. 
Fig. 13  As-cast carbon-deoxidized molybdenum. (Re- Fig. 14. Weld metal in carbon-deoxidized 0.5% titanium- 
duced by ' , upon reproduction) molybdenum alloy. (Reduced by '/; upon reproduction) 
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carbon sheet 128 


velds in 0.0465 
Further testing of experimentally rolled 
sheet u which the earbon cont nt \ aried 


to 0.042% (CITB 
ton ductility 


from ISA 
failed to indicate any effe: 
The photomicrographs in Fig. 12 


ructure of welds 


show the weld-metal s 


containing varying amounts of earbon 


In all cases, a carbide precipitate 1s 
shown in the grains and grain bound 
aries Inere ising the enarbon content 


appears to lower the number of ¢ urbic 
particles and increase the size ol inci- 
idual particles However, because of 
ifter welding, the 
reach the ty 


formed in slow-cooled molyb 


the rapid quench rat 
structure does not pical 
structure 
containing 
This would 
apparent discrepan be 
data in 


Fig. 13 
arbon content 


denum astings 
the Sarre 


( xplain the 


tween transition temperature 
the welding studies and those obt 
in previous studies of the effect of 


earbon ire-cnst ingot 
The te nee Tie for 
denum sheet to exhibit better ductilit) 


retained in 


commercial 


in the direction of rolling was 
ductilits ol 
sheet 


weldments The velds 


containing 


better in 


made in ommercial 
0.0465, 
the longitudinal weld specimen (C12A 
The effects of 
ductility in 
were not determined 


Weld duectilit at low temperatures 
by 


irbon was definite! 


specimen ntation on 


weld experimental sheet 


lowered slight! 


appeared to ly 


increasing — the weldment  thicknes 


A direct comparison of this effect could 


not be made, however 
The weld ductility of the commercial 
titanium-molybdenum alloy (C19) was 
slightl lower than that of welds in com 


parable unalloyed molybdenum sheet 
(3 The carbide 
metal was pres pitated in aereular form 
n Fig. 14 was in con 
trast to the pheroidal carbide phase 


found in the weld metal of unallo ed 


pl ise on this weld 


carbon-deoxidized molybdenum Ach 
ular precipitates generally give lower 
duetilit in metals than pheromal 


pre ipitate 


The following variables did not affect 
the ductility of weldments in carbon 
deoxidized sheet 

I Changing the rolling procedure 

for the two O.OLS*‘ 
irbon sheet (CISA and ¢ ISB 

2 Rolling the 0.042°, heet 

it i widing ( iB 0 
nared witl 


Summary and Conclusions 


Man n omp 
purit ind) tabmenatior of 
re-cast tudied in 
this prog Table 7 lists tl 
portant imformation on the materi 
studied definite or on the 
effects of specie vere limited 
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te materials \ 

the ime except I 

studied The 
luectilit renern 

ore i> 
ar 

in all respect It 

ever, that almost 

low temperat ir 

weldment fort 


The 


ized alloys were 
eommercial carbo 
denum im the 
Future welding 
to tl 
estat ! 


yperune ntal 


were essenciualls product itt 
ination being rate 
given tol bend denu i not | 
should be viewed ability f the we 
figures, since tf 
material was ide il the 
significant, how harmifu 
materials showed must be mT it 
itv in sheet and ti Pita im 
det 
titanium-neutral ipl 
much better than In general, it 
ideoxidized molyb ol the veld 
knesses tudied significant 
hould be limited ductilit It 
material until it is tact 
iat a desired end duetilit f sheet 


trom this 
leoxpdized molvb- 


‘ wiequats weld 


ding of thn k plate 
rites allow 
pitate in 


weldments which 
le of dry-box fa 


neutralized molyb 


re juired for these 
und that gonding 

ive the 
low-temperature 


«that 
ot affeet the bend 
had a signifieant 


(ladding 


Surface 


[dentificalior muaterta Nhe elded removed 
Pitanium-neutrahzed mo 
Group A 
Stainless steel 10 
sit None ‘) 
None 
Bo Stainless steel 
(sroup 
$4 Stainless ates 
None 2h 
Group ¢ 
BSA None “wo 
Mild steel ih 
(sroup 
None 
Stainless steel 10 
None 
Group I 
None i) 
Bib Stainless steel ‘ 
q 
Carbon-deoxidized 
(;roup | 
(12 Nome ) 
None Ww 
‘ None it} 25 
None 
Group G 
C14A Stainless stec! 
(14K Stuinless steel 
Group 
( one ty) {) 
("ISA Stamle 
(18K Stainless steel 
Group ) higt yo i 
ting at 2000° | temperature grad j Group B 
(sroup A except wlted. Group ¢ molybdenum 
rey tow 2300" | Group D, O molyl 
cle ng BIOA rolled at 2400° I tallized at 
200" I if lat 2000° Biok finish rolled 
11600 wt 2000" | pl ept LO w/o 
t (‘or aheet (‘16 wie 
( O04 C19 GroupG 
on). g at 2400° F with te ture g luced to 1800° 
+ ie sped betor re 
§ This mate ether tanks 
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effect on the bend ductility of weld 
ments 

Welds made in titanium-neutralized 
alloys containing 0.7% titanium had 
much better ductility than either 0.5 
or 10% titanium alloy weldments 
Addition of 0.01% carbon to a 0.7% 
titanium alloy had little effect on weld 
cluetility A change 
single melting for the ingots increased 


from double to 


the amount of porosity in are welds 
The study of 
weldments brought out 
Lowering 
O046 to 
material 


carbon-leoxidized 
molybdenum 
several important findings 
the carbon 
0.020%, in 
proved the weld ductility. A similar 
change from 0.042 to 0.015% carbon 
in experimental material did not affect 


content from 


commercial 


the weld ductility. The addition of 
0.5%, titanium to 
molybdenum had little effeet on weld 
ductility. In commercial sheet, bend 
tests show certain directional properties, 


carbon-deoxidized 


i.e., the sheet is more ductile in a 
direction parallel to the rolling direction 
The directional property was retained 
in weldments in sheet 
Cladding of the sheet material during 
rolling did not improve the weld due- 
tility. Increasing the weldment thick- 
affect weld 


commercial 


ness to '/, in. did not 
ductility 
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A WELD CRACKING SUSCEPTIBILITY 
TEST FOR SHEET MATERIALS 


DISCUSSION BY E. H. KINELSKI AND G. R. PEASE 


The author is to be commended for his 
sincere attempt to develop a weld 
cracking susceptibility test for sheet 
materials, Whereas a number of more 
or less satisfactory test specimens and 
procedures are available to welding 
engineers for the evaluation of weld 
cracking tendencies in heavy section 
welding, a need has existed for a long 
time for a suitable test for sheet alloys 

However, it is questionable whether 
or not the test as described by Mr 
Boudreau has been developed to the 
point where confidence can be gained 
from his results for evaluating the 
relative ease of welding substantially 
The test, 


for instance, characterizes Inconel with 


different alloy compositions 


poor Weldability in sheet form. This 


H. Kinelski and G. R. Pease are associated 
with the Research Laboratory of the loterna 
tional Nickel Co., Bayonne, N. J 


Paper by J. 8. Boudreau was published in the 
April 1056 issue of Toe Jocanar, Ke 
search Suppl. 38, (4) 164-6 to 


seems to defy the rather widespread 
throughout the 
Inconel 


IM pression welding 


industry that sheet can be 


Fig. | Sheet weldability tester 
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welded without undue difficulty. As 
an example, literally miles of Inconel 
sheathed, Calrod-type heater elements 
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difficult 


making 


Load 
mn 


Pounds 


ha be 


4000} 


3000) 


ings yperience 


modifications 


testing dey we 
modifications 


3000 


200K 


xerted through a 


been rather limited so far, nothing in 
our testing has suggested that its weld instead serrater 
ing response can be expected to be as paring the test we 
poor as that indicated by the results eliminating device 
of Mr. Boudreau’s teste whnored when the 
It was our privilege to witness this could be shown te 
test about a year ago. Its potential the applied load 
isefulness was thought of so hight Using thi "i 
that with the approval of its pro testing procedure 
ponents, we undertook to adapt it ings were 
to our own needs. With only three alloys ranging i 


which are believed to ordinary mild 


he of minor unportance, we have been ture illo le 
lar testes The modified It was disappointing 
is shown in Fig. | The find that the rating 
consist ol using it all with ou 


Fig. 3 Sheet weldability test for Type 304 stainless steel 
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en welded with a minimum of hvdrauhe loading tem in place 
Although produr tion weld the mechanica ter loading the 
with Incoloy 901 ha specimen by means of a steel pin 


ind 


(‘rater cracks 


occurred since the 


independent 


veldability 


composition 


to «a high-tempera 


ited Inconel 
however 


failed 
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pecimen 


crater 


were 


from 


to correlate 
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these alloys. 


| rhe | steel had a very low 
rele iwyvested that it would 
i t to weld mild 
ster thout ‘ iw it Inconel 700 
tlle ‘ i irdenable nie kel 
tase ! i rele over three 
t ‘ vl i that of mild steel 
It ‘ t to beheve that 
tes three more usceptible 
than Inconel 700 to weld hot cracking 


| ttempting hterpret the data 
ire t! eldabilit test it woes 
i} irent that other property in 
‘ tion to we t ihing Was being 
mensured It i reasoned that the 
rm tan ition under load, 
or } resastance to detormation 
under load at high temperature could 
he the fact ntributing to the high 
\ il al weldability loud 
ersus Rockwe hardness 
alu ippears onfirm this reason 
ny i nin big, 2 \ statistical 
orrelation the data in big. 2 resulted 


hich had a level of 


ynificance of 09°) with a correlation 


O.S60 Thos surprisingly 


indicated 
marked|s 


specimen 


whiheant correlation 


influenced 


by the hardmne i the test 


\ further demonstration of the in 
fluence of the hardne upon the test 
results was made in a series of “weld 
test on pecamens of type 
ataink to old rolled to various 
hardne eve \ hown in Fig. 3 
the test ues oad increases with in 
creasing hardne of the alloy sheet 
4 poll of expenenced welding engi 
nee! ould, it is believed, show that 
the reverse true; namely, that the 
best welding response would be ex 
pect iterial in the annealed 
eonadit 


The test ha » much potential 
merit that it appears desirable to 
modi it to the point where it can be 


depended upon to do the t} ings expected 


of it. that to rate unknown allo 


without ‘ op expenence 


hard 


influential 


to be factored 


ne onmponent have 

out of the ince \ redesign of the 

teat er hown 
i ‘ ble to do this, in our 


iy ‘ tain of the “fickle 
i ‘ i considerably 
heat out iwgest that the 
test ‘ ftituted be 


tre ‘ orting out good 
nents fa given alloy 
heat treated ts en hardness It 
lifficult to believe, however, that it 
je to predict the welding re 

ponse of ne untned sheet alloy 
without furthe wification of the test 


parat t 
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AUTHOR’S REPLY 


The author wishes to thank Mr 
Kinelski, Mr. Pease and the Inter- 
national Nickel Co. for the interest 
shown in this test, as reported in the 
April 1956 issue of Tue Wertping 
Jounnan, and for their prepared dis- 
National 
Spring Meeting. It is gratifying to 
learn that such interest has existed 
and it is hoped that further investiga- 


presented at the 


tions along these lines by other labora- 
tories might suggest improvements in 
the technique of the reported test 

The test as devised in the Thomson 
Laboratory is an attempt to supply 
information, heretofore unavailable 
which might lead to «a better under- 
standing and solution of welding and 
metallurgical problems. It would be 
presumptuous of the author to iiply 
that the test as reported is the last word 
in the quantitative measurement of 
welding behavior. Considerably more 
development may be required before 
this test or similar tests are univer- 
sally accepted 

With regard to the discussion pre- 
sented, there are several comments 
which the author feels are in’ order 

The hydraulic-type loading system 
was rejected on the advice of several 
testing machine manufacturers because 
of the inability of such a system to 
maintain a steady load, automatically, 
under the testing conditions. However, 


an hydraulic system should be satis- 


factory, provided that good manual 
control of the load level can be effeeted 

Use of the steel pin in place of the 
serrated grips should be satisfactory, 
provided that the holes in the specimen 
are lined up in such a manner that no 
moments are introduced into the speci- 
men in the weld area. Of course, this 
an extra step in test preparation. 


It can be argued that crater cracking 


Is independent of the applied load; 
eliminating 


nevertheless, the crater 
device was employed to compensate 
for the variations in crater severity of 
the alloys tested and also because most 
actual welding operations of this nature 
with these alloys require the use of 
such a device 

The author is in complete agreement 
with the statement that the greatest 
value of this test at the present time, 
in ite present form, 8 in sorting out 
a given alloy 

In attempt- 


good and bad heats of 
under specific conditions 
ing to standardize on a technique for 
all high-temperature alloys tested, 
certain specified conditions such as 
are length, speed, gus coverage, backing, 


penetration, ete., had to be held con- 


stant. It may be necessary to adjust 
these and other factors for each alloy 
or family of alloys in order to arrive 
at the best set of conditions for a more 
acceptable comparison between alloys. 

Concerning the suggested inability 
of the reported test to evaluate differ- 
ent alloy compositions or to predict 
the welding response of a new untried 
sheet alloy, it is necessary to consider 
the following 

As stated in the paper, along with 
the development of the technique, a 
program olf material evaluation was 
simultaneously undertaken. Many of 
the results were obtained from tests 
on single heats and with slight variations 
in technique. However, a certain re- 
liability of the test was indicated. 
Several heats of Type 321 and of 
A-286 evaluated. The 
former resulted in consistently high 


alloys were 


index values, while the latter resulted 
Many other 
alloys were evaluated using essentially 


in consistently low values 


the same technique; most were rated 
on the basis of single heats. Since 
those alloys on which actual welding 
experience i available seemed to fall 
within a range compatible with their 
apparent “weldability,”” it was felt that 
the test had possibilities 

In the case of Inconel, the results 
on a single heat showed an index of 
1000, which falls on the borderline of 
the arbitrarily-designated ‘“‘poor-fair’’ 
zones. Inconel, by past experience, 
has been 
sistently, but it cannot be considered 
as weldable as Type $21 alloy, and it 
certainly is a better welding material 
than A-286 alloy. The 
Inconel somewhere in between Type 
$21 and A-286 did not, therefore, seem 


unreasonable, Its actual index level, 


successfully welded  con- 


rating of 


however, would depend on the results 
of tests on several heats. It would 
appear that either this particular heat 
of Inconel had unique welding charac- 
teristics, or that the technique employed 
at the time was not ideal 

As for the results on mild steel, the 
test, as stated, was designed for the 
evaluation of high temperature alloys, 
and the information was to be applied 
to the fabrication of components for 
aireraft gas turbines. Mild steel can 
hardly be classed as a “super” alloy 
This is not a fair comparison 

Tests on Inconel 700, which were not 
included in the paper, indicate a level 
of 1400. This is considerably 
than the value of 3600 appearing in 
the written discussion. This seems to 
suggest that the penetration in the 


lower 
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as the 
specimens do not indicate failure at a 


latter case may have been low 


stress in excess of 30,000 psi, which 
seems unlikely under ideal test condi- 
tions. The alloy, however, should 
be weldable. 

On the basis of the previous state- 
ments, the data on mild steel and on 
Inconel 700 should be deleted from 
Fig. 2 of the discussion. The remain- 
ing data now show a correlation co 
efficient of 0.320 which does not justifs 
the use of any regression. The con- 
clusions on the basis of this information 
do not suggest the test to be influenced 
to any great degree by specimen 
hardness 

When attempting to correlate weld 
ing behavior with hardness, consider- 
ation must also be given to the mecha 
nism of hardening. The author found 
that the age-hardenable alloys, Inconel 
X and A-286, exhibit lower index 
values in the aged condition than in 
the annealed condition This is not 
in agreement with the conclusions 
drawn in the discussion. If hardness 
were the only eriterion, the aged alloys 
should have higher index values te 
sults in the Thomson Laboratory 
suggest that these alloys in the aged 
condition should not weld as readily as 
in the annealed condition. Actual 
experience with this type of alloy 
seems to substantiate this 


The results on the effeet of cold 
working on the index of Type 304 
alloy, as shown in the discussion, in 
dicate a rise in value with an increase 
in hardness. Industrial experience with 
this alloy and the range of index levels 
found indicate that this is a readily 
weldable material in almost any con 
dition, A series of similar tests on 
“weldability”’ 
interesting in- 


allovs of a lower rating 


might reveal some 


formation 


The test in its present form subjects 
the materials to temperatures in ex 
cess of their annealing temperatures 
within the weld zone and tends to 
cancel out all previous thermal history 
in this zone. The only effective por 
tions of the specimen not reaching 
peak temperatures are the two areas 
in the base metal at the ends of the 
weld. The role of these areas must 
be explored further. Investigations to 
determine the effect of welding heat 
on the structure and properties of these 
areas in several alloys is planned 
Further 
signed to eliminate these areas have 


specimen modifications de- 


also been arranged. 
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BY W. H. BRUCKNER AND J. 


Introduction 


Cold welding of nonferrous metals 


not new et it 18 a newcomer to the 


welding field since one of the first refer 


ences to a lap welding operation in 


volving cold welding appeared in Tuy 
Journau for February 1949 
This JourRNAL paper by A. B. Sowte 


describes and illustrates equipment for 


cold welding and sections of aluminum 


and copper 80 welded Sowter 8 pape! 


relates the development ot the cold 


welding process at the Gener il leetri 
Co., Ltd., of England while another 
paper by W. Dubilier in Tue 
JournaAL for December 1950 describes 


further development and applications 


in the United States, but again for 


lapped welds 


Another paper which Vas of consider 


able interest to the investigation of 
cold welding was one b John M. Parks 
and entitled “Reerystallization Weld 
ing’ in Toe Journat for May 


1953 I} paper deseribes the weld 


ing of nontlerrous metals under 


condition of temperature and pressure 


While Parks used fairly elevated ten 


of deformation levels and reervstalliza 
tion to the success of the welding opera 
tion has an important be ny on the 
cold welding process Ultimate thy 
research program in cold welding has tor 
its objective 1 deseription of the ! 
stantaneous process it the velding 
interlace during welding When tl 


ean there wv available a 


better understanding of the role of in 


terface recrystallization and ocalized 


temperature rise in the success of the 


cold welding process 


The reason for choosing to stud the 
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of bonding 
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nt 
ess. a section 
ned to the 
tubing and thie 
thie copper ¢ cten 
During the 
nt can te 
ratures 


Phe as-re« 


hardness g 


Bruckne r 


i 


Test program surveys the properties of cold 


these welds have the most useful application 


welds and indicales the conditions under which 


elds as 
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THERMAL STABILITY OF COLD BUTT WELDS 
IN COPPER AND ALUMINUM 
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Cold Butt Weld 


to fracture and electrical conductivity 
The microstructure at the weld intet 
Tae ind neighboring areas was also 
d 
Phe hardin tests were made with a 
Vickers diamond pyramid and hardness 
ilues are given in DPH units for a 


load of 100, 200 or 300 g. The plane 

of hardness testing was usually the 

diametral, longitudinal plane through 

the welded wire which wus prepared by 

mounting the ippropriate section of 


the cold weld in a plastic mounting 
material, then grinding and polishing 


down to the desired level. The plane 
of microexamination was the same as 

that for testing 
The tensile testa were made in a 
horizontal machine used for determin- 
ing tensile properties of wires of small 
diameter No stre train curves were 
obtained sinee the only significance 
that " lesired for the tensile tests 
mss loud and site of 

f 

| elert onduetivity 
the eld jomt u miparison with the 
tivit 1 unwelded wires was 
the data t} onduetivity 
ith typ ecimet 
we 2-1 potentiometers 
df ne conmduetivits 
the irrent t wh the test sample 
Phe othe otentiometer measured the 
IR drop sere ther the weld or a 


| ‘ tant ileo made on 

the elded ! hich were heated 

to elevated ft rature lor Various 

olt ‘ then cooled 
ti ti elore testing 


Data Obtained 


vere ox 
i! mi oxte harkcleristics pecu 
inf itt It was noted 
that the fin ¢ t led portion at the 
te thi been trimmed off 


HO 


of 
101 
remote from the 
we used, In set 
rise could oceur 
ervice unit. TI 
ible to estab! 
bile ‘ 
of butt welds 
Materials 
Two mn 
were itt | 
of the Ut Drop Forge and Tool 
Corp. to form an S-in. long sp 
ower nig 
made under id 
— 


Fig. | 


hefore the specimens were sent to the 
campus In order to obtain some con 
cept of the amount of material extruded 
into the fin during welding, a cold weld 
was made by means of a hand tool de 
aygned for this purpose 

Figure | is a macrograph of the '/.-in 
flumimumn wires cold butt welded in 
the hand tool 
clearly the extent of the extrusion fin 
at the site of the weld: also, it shows the 
slight longitudinal fin produced by the 
gripping dies which hold both sides of 
the wire material during the push up 


This illustration shows 


for welding 


Fig. 2. Microstructure at X 50 of as-received, cold butt 
weld in aluminum wires 


Figure 2 shows the microstructure of 
the as-received aluminum weld at 
50 magnification on a diametral plane 
The out-bending of the fiber structure 
of the wire at the site of the weld is 
Another 


characteristic of the aluminum welds is 


in evidence microstructure 
the region of apparent porosity at the 
weld interface shown in Fig. 2.) Such 
apparent interface porosity 
fested quite generally in metallographic 
examination, Therefore, in order to 
distinguish between actual porosity and 
possible effects of polishing and ete hing 
a Wis 
made of thin longitudinal seetions at 
the site of the weld 

Figure 3 shows the results of micro- 
radiography and leaves no doubt of the 
existence of lens-shaped porous areas 
at the weld interface of cold welds in 
aluminum, Although this porosity had 
little or no effect on the tensile strength 


Macrograph at X 2 of aluminum wires cold butt welded in hand tool 


of the aluminum weld, it appears to be 
the principal reason (together with low 
ductility) for the failure which occurs at 
the weld interface in 
existence of some slight interface poros 


tension The 


ity in the cold welds of copper is sus- 
pected from the appearance of the 
microstructures examined However, 
no microradiographic confirmation has 
been obtained to dat More detailed 
data on microstructure will be given 
later in the paper in conjunction with 
hardness and tensile data for welded 
specimens heated to clevated temper 
ture 


Hardness Data 

The hardness tests were made across 
the welds on the diametral plane and 
extended to at least 1'/, in. on both sides 
of the weld interface. The gripping 
dies extended along L'/, in. on both sides 
of the weld; thus, any cold work due to 
gripping and at the interface would be 
represented in the hardness surveys 
Figure 4 gives a general representation 
of the hardness contours obtained for 
the as-welded condition of the thre 
types of weld; Al to Al, Cu to Cu and 
Al to Cu 
repeated for the specimens which had 


The hardness surveys were 


been heated to elevated temperatures 
thus, the hardness contours as a result 
of heating were available for stud) 
Figure 4 indicates that the maximum 
hardness of the as-cold-welded speci 
men was found at the interface How 
ever, for the Al and Cu welds, as thi 
heat-treatment 
creased the shape of the hardness con 


temperature was In 


Fig. 3. Microradiograph at X 50 of interface porosity in 
aluminum cold weld 


from tertoce 


Fig. 4 Hardness contours of cold butt welds in aluminum, copper and between 


aluminum and copper 
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tours changed, Le., instead of peak the pairs of grips and the cold-worked rend for as-welded joints was for failure 
hardness occurring at the interface region produced by the gripping dies for to occur at the weld interface dm, Al-Al 
initial wire material welds, away from the interface TCu-Cu 


two hardness peaks appeared at either cold welding The 
side of the interface due to more rapid thus has a lower strength than the weld welds and in the Al away from the inter- 


softening at the interface occasioned by or the cold-worked region produced by { in Al-Cu welds As the heating 
reervstallization. This was not en- the gripping dis temperature is increased, the Al-Al 
tirely the ease for the Cu-Al welds for The tensile grip distance required to welds tend to fail away from the inter- 
which the interface tends to retain a determine weld strength was therefore whereas the Cu-Cu welds have a 
higher frequen of weld intertace 


high hardness and the Cu side of the of the order of 3 in. or less, since the 
ind the Al-Cu failures still occur 


interface even increases slightly in eold work of the gripping dies for cold 


trom the interlace 

how the sensitivity 

A! welds to heating 

temperature and the insensitivity of 
The Al and Al-Cu 

e to heating tempera- 

of whether or not the 

the interface, thus in- 

Tensile Tests ie hy I! the eold-worked volume 


hardness with increasing time at some welding extended over this distance 

temperatures Under these conditions, the as-received 
The relationship of interface hard- A|-A! welds fractured at the interface 

ness to temperature of heating is given but the as-received Cu-Cu welds could 

in the curves of Figs. 5 and 6 not be made to fracture at the weld 
When the tensile properties of the even when shorter and shorter grip 

cold-welded materials was first in- distance was used 

vestigated, the tensile grips were pl wed 


5 in. apart with the weld interface 
equidistant at 2'/, in. from each pair Phe general trend of the tensile data Oo cluded within the gripping dies 
of grips. The failures in the tensil is to follow the hardness versus tempera ind at the weld interface participates 


tests with the 5-in. grip distance always ture curves quite closely only for the in the tensile response to elevated tem- 


occurred in the region between one ot thuminum eld Another general perature heating after welding 


‘ 


Fig. 7 Maximum tensile load versus annealing tempera- 
Fig. 5 Interface hardness (DPH) versus annealing tempera ture for cold welds in aluminum (weld foilures) heated fer 
ture for cold welds in copper heated for 30 min 30 min 


Fig. 8 Maximum tensile load versus annealing temperature 

ee ae ee for cold welds in aluminum, in copper and between alumi- 
Fig. 6 Interface hardness (DPH) versus annealing tempera num and copper heated 30 min (only noninterface failures 
ture for cold welds in aluminum heated for 30 min are included) 
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Microstructural Studies 

In an effort to interrelate interface 
porosity in Al-Al welds with interface 
tensile failure, several specimens were 
loaded in tension to incipient failure. 
The specimens were then polished in 
the diametral plane and examined under 
the microscope, The general appear- 
ance of the interface is shown in Fig. 9 
where it is seen that voids of rectangular 
shape have been opened up by the ten- 
sile loud, As the welded specimens are 
heated to increasingly higher tempera- 
ture before tensile testing, these voids 
become more cireular and apparently 
less effective in causing weld-interface 
failure. As the 
is raed, the highly cold-worked region 
at the interface also softens and becomes 


heating temperature 


more duetile, thus reducing the stress- 
concentrating effect of the lens-shaped 
porous Arcus 

In general, it was difficult to detect 
any fine detail in the microstructure of 
the aluminum alloy used for cold weld- 
ing. The reason for the difficulty was 
an inability to develop grain boundary 
areas by even the most refined etching 
Consequently the evidence 
had to be sup 


methods 
of recrystallization 
ported entirely by hardness data 

For the cold welds in copper, the 
developed 


microstructure was easily 


and examined, thus evidence of reerys- 
tallization and 
found, It was apparent that the inter- 


face material was the first to reerystal- 


coalescence could be 


lize but retained a fine grain size while 
the material on either side next to the 
interface was next to reerystallize 
with higher temperature or longer time 
but developed maximum grain size 

At the highest power of the optical 
microscope, it Was possible to discover 
lens-shaped areas at the interface of 
Cu-Cu welds which may have been 
formed by recrystallization and growth 


Fig. 9 Appearance of interface area 
at X 300 in cold-welded aluminum 
partially fractured in tensile test. 
(Reduced by ' ’; upon reproduction) 


SOA-s 


Fig. 10 Photomicrograph at X 700 
of lens-shaped area at interface of 
cold weld in copper. (Reduced by 
' upon reproduction) 


during the cold welding. The reason 
for assuming such causality was that 
the lens of material was positioned just 
at the interface while the surrounding 
material was extruded around both 
sides of the lens. Such an area is 
illustrated in Fig. 10. elevated 
temperatures, such areas tend to grow 
mainly in a direction normal to the 
axis of the welded wire, whereas inter- 
face areas free from the lens shapes 
grow randomly and with small grain 

For the Cu-Al cold welds, no evidence 
of intermetallic compound formation 
could be found for any heating tempera- 
ture after welding up to 500° F 
the latter was the highest 
ture employed, it is possible that higher 


Sinee 


tempera- 


temperatures might produce a_ brittle 
phase at the interface and change the 
mode of fracture which was consistently 
in the Alaway from the interface 
Electrical Conductivity Studies 

For the Al-Al welds a complete series 
of tests were made as shown in Pig. 11 
The sudden decrease in resistance across 
the weld for an annealing temperature 
of 200° F and above 
face recrystallization. The other data 


indicates inter 


on hardness and tensile strength show 
an inflection at the same t mperature 
The unwelded wire exhibited only a 
slight decrease in resistance after heat- 
ing up to 500° F 
crohmes to about 271 The indications 
are that for the unwelded wire heating 


from about 275 mi 


merely removed a small amount of 
stram or caused the loss of some grain 
boundary resistance due to grain 
growth 

For the Cu-Cu welds, less 


conductivits data were obtained sine 


comple tk 


only the resistance across the weld of 
the «as-received material and = after 
heating to 500° F was measured. The 


decrease in resistance from 156.9 to 
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116.3 microhms after heat treatment 
is a considerable change however. The 
indications from the large decrease in 
resistance are that the large incidence 
of interface fracture in tensile testing 
of Cu-Cu welds as the annealing tem- 
perature is increased is not due to the 
formation of copper oxide at the inter- 
face. The oriented growth at the inter- 
face of the lens shaped areas and ex- 
treme softening may be the principal 
cause of interface fracture and of loss 
of electrical resistance with higher an- 
nealing temperatures. 
also be a factor in interface fracture 


Porosity may 


The determination of conductivity 
of the Cu-Al welds has not progressed 
to a point of sufficient reproducibility 
of data thus requiring more extended 
effort for the measurements 


Discussion of the Data 

In surveying the tensile data, it must 
be noted that the weakest part of the 
weld, the un-cold-worked base metal 
was purposely excluded from the tests 
in order to assay the relative strength 
of the cold-worked area at the interface 
and that included in the gripping dies 
for cold welding. In the light of this 
procedure for tensile testing, it is seen 
that the cold butt-welding process pro- 
vides welds with high efficiencies such 
that even with a decrease in strength 
occasioned by annealing at higher tem- 
peratures the strength of the weld is 
merely brought down to that of the 
unweided wire It would seem there- 
fore that we should be less concerned 
about the thermal stability of the cold 
butt welds than with a controlled, delib- 
erate heat treatment after welding in 
order to obtain higher ductility in the 
cold-worked regions. 

The conductivity tests also indicate 
the benefits in increased conductivity 
which could be derived from heating 
the welds subsequent to welding Since 
the weld has greater strength than is 
needed to behave as a unit with the 
unwelded wire, relatively low 
temperature heat treatment subsequent 
to welding could provide greater con 
ductivity across the weld and improve 
the ductility 
weld efficiency 


without sacrifice of the 


| 


Fig. 11 Electrical resistivity versus 


annealing temperature for cold welds 
in aluminum heated for | hr 
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DISCUSSION BY R. A. HUSEBY AND M. A. SCHEIL 
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Table 1—Chemistry of Welds, %, and Plate Tested 
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Fig. 2 SW151 (4-6 chrome, ' » Mo) weld on left. 
As-welded. X 100. 


G.B. | chrome, '/, Mo stock right. 
(Reduced by ' , upon reproduction) 


Hardness, Vin, kg lood 
213-218 Vin. Weld, 387-390 Vin 


when welded with SO) chromium, 1% 
molybdenum When 
same plate is welded with 24/40) chro- 
mium, 1% molybdenum electrode the 


electrode 


action is much slower, as can be seen in 
Vig. 6 

2. Temperature of exposure. The 
carbon diffusion from low to higher 
chromium steel oceurs at 900° F and 
above and more rapidly at the higher 
temperature. At the present time we 
have no information on temperatures 
below G00° 

Figure | illustrates the type of frae- 
ture obtained in stress rupture tests 
where carbon diffusion and decarburiza- 
tion resulted in a weakened zone ad- 
jacent the weld. Figure 3 shows the 
carburized zone in the weld and the 
decarburized zone in the stock adjacent 
the weld. Figure 5 illustrates in- 
cipient intergranular rupture 
cracks in the deearburized zone hig 


stress 


Fig. 4 Weld junction shown in Fig. 2 at higher magnifica- 
(Reduced by ‘|, upon 


tion. Weld on left. X 500. 


reproduction) 


Stock, 155-168 Vin. Heat-affected zone, 


A301 Fig. 3 SW151, left, in A301 stock after stress rupture test 
1983 hr at 1000” F. 


Carbon has diffused from the stock 


adjacent the weld into the higher chromium weld to form the 


dark etching high carbon band. 
decarburized weakened stock adjacent the weld. 


Fracture took place in the 
X 100. 


(Reduced by '/, upon reproduction) 
Hardness, Vin, 2'/2 kg load. Stock, 157-159 Vhn. Decarburized zone, 


162-183 Vhn. 


ures 6, 7 and S show the same condition 
where difference in chromium level is 
less 

Chemistry of the plate and welds is 
shown in Table | 


Table 2—E€berbach Microhardness 


After 2500 Hr at 100° F; 1 Cr, ' . 
Mo Plate with 7-9 Cr, | Mo Weld 


Ferrite (unaffected stock), Vir 176 
Pearlite (unaffected stock), Vhr 280) 
HAZ,* not decarburized, 218 
HAZ,* decarburized area, Vie 176 
Weld, carburized zone, Vhr 
Weld, not carburized, Vhr 204 


* Heat-affected zone 

Microhardness tests were made on 
one section of l chrome . » molybdenum 
plate welded with 7-9 chrome, | molvb 


1000° F. 


Weld, 243-262 Vhn 


denum electrode after 2500 hr at LOOO 
F. The weld was exposed in the as- 
welded condition 

It can be seen that the decarburized 
zone reverts to the ferrite hardness and 
that the carburized zone becomes cx- 
cessively hard. Some grain growth wil! 
occur in the decarburized zone 

Stress relieving at a temperature 
above the exposure temperature tends 
to increase the carbon diffusion ob 
served 

It would appear, on the basis of the 
observed tendency toward carbon dif- 
fusion, carburization and deecarburiza- 
tion, that for applications involving 
service above 900° F the chromium 
content of both plate and deposited 
metal should fall within the rang: 
specified for that particular grade of 


Fig. 5 Weld junction after 1983 hr at 30,000 psi and 
Stock on right. 
rupture cracks in decarburized zone are visible. 


Incipient intergranular stress 


X 500. 


(Reduced by | , upon reproduction) 
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Fig. 6 SW89 (2' , chrome, | Mo), left, in A301 Grade B Fig. 8 Carbon diffusion from SW90 weld (left) (1 chrome, 
(1 chrome, Mo) stock after 3468 hr at 29,000 psi and Mo) into 2'/, chrome, | Mo stock on right. Exposed 
1000° F. Carbon diffusion has taken place from the | 4100 hr at 1000° F not stressed. Carburized zone of 
chrome stock to the 2' , chrome weld. Fracture took place stock is not as apparent because of the low (0.05-0.06%) 
in the stock with incipient stress rupture cracks in the decar carbon content of the SW90 weld. Carbon content of 
burized zone of the stock (see Fig. 7). X 100. (Reduced plate 0.14%. X 100. (Reduced by upon reproduc- 
by | , upon reproduction) tion) 
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duction) he 1% (Cr > Mo material, noted etal 


OcTOBER 1456 W/loy-Steel Pipe 


WETTABILITY OF STEEL WITH PURE SILVER 
AND VARIOUS SILVER-BRAZING ALLOYS 


E-rperimental program with silver alloys containing 


slrong deoxridizers indicales new possibilities for 


development of self-fluring, aurproof brazing alloys 


BY NIKOLAJS BREDZS 


ABSTRACT. In the course of the 
tigation of wettability of low-carbon steel 
by pure silver and some silver-base bras 
ing alloys under a layer of molten flux, 
phenomenon was observed. It 
rotation phenomenon The 
rotation phenomenon demonstrated the 
influence of oxygen diffusion through layers 
of molten silver and various silver-base 
brazing alloys on the wettability of the 
surfaces 

A fundamental study of oxygen diffu- 
sion through layers of molten mlver with 
and without deoxidizing additions has been 
earried out. The mechaniem of the 
formation of iron-oxide layers and nuclea 
tion of CO) bubbles on the steel-filler metal 
interface has been investigated 

The experiments periormed on silver 
alloys contaming strong deoxidizers open 
vistas of future research on self-fluxing 
brazing alloys. They indicate new possi 
bilities for the development of self-fluxing, 
airproof brazing alloys 


mves 


a hew 
wae named 


Introduction 
One of the principal objectives of the 
research on the fundamentals of braz- 
ing is the improvement of the quality 
The first, and most 
prerequisite for 


of braged joints 
unportant obtaining 
sound and voidless brazed joints is per- 
fect wetting of the solid base metal sur- 
faces by the molten filler metal. For 
this reason the investigation of the 
wettability of solid metals by 
metals is one of the most important 


aspects of the theory of brazing and 
accordingly, it was chosen right at the 
beginning as the first objective of this 
work. In view of the practical implica- 
tions of this problem, it was decided 
to start the wettability studies with the 
investigation of the wettability of steel 
by pure silver and some silver-base 
brazing alloys. In the course of these 
studies a series of quite interesting new 
phenomena were observed which ap- 
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peared to be quite helpful for the funda- 
mental understanding of the mecha- 
nism of wettability. The most interest- 
ing observations, however, have been 
made during the studies of the process 
opposite to wettability, namely, de- 
wetting of the base metal by liquid 
filler metals. It has been proved that 
the process of dewetting is determined 
by a rather intricate series of chemical 
taking 
metal-filler metal interface 


place on the base 
\ecord 
ingly, a great part of this work is de- 


reactions 


voted to the investigation of the whole 
complex of physicochemical Processes 
taking place on the steel-filler metal 
interface while the molten filler metal 
layer, spread over the base metal sur 
face, was exposed to the air 

Finally, after the mechanism of the 
diffusion of oxygen from the air through 
a layer of molten silver to the steel 
surface and the mechanism of the oxida- 
tion of the steel surface had been clari 
fied sufficiently, it was decided to in- 
vestigate the possibilities of develop 
ing air brazing alloys which would 
braze steels in air without any fluxes 
or protective atmospheres Some €X- 
periments indicated that it might be 
feasible to develop such alloys by add- 
ing to the filler metals some strong 
deoxidizers and other metals which 
would considerably decrease the rate of 
oxygen diffusion through layers of the 
molten filler metals. These experiments 
are described in the last section of this 


Spreading Experiments in Various 
Atmospheres But with No Flux 

The investigation of the wettability 
of liquid metals on solid metals started 
with studies of wetting of low-carbon 
steel surfaces by the following four 
filler metals: pure silver, pure copper 
BAg-S* and BAgMn.* The experi- 

* The brazing filler metals are identified, when 
applicable, by designations established in the 


AWS-ASTM specifications for brazing filler 
metals 
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mental apparatus used for these studies 
For the wetta- 
diam cylindrical 


is illustrated in Fig. | 
bility tests, °/, in 
low-carbon steel bars, 3 in. long, were 
used. The end surfaces of these bars 
were ground polished Each of 
the steel bars, B, with a polished top 
surface, was placed vertically in the 
induction coil, C. A small filler metal 
nodule was placed precisely on the 
center of the polished upper surface 
of the bar, B The weight ol each 
nodule was exactly 1.5 ¢. The nodules 
were prepared by melting 1.5 g of the 
filler metal wire in a small porcelain 
crucible under 10°) + 90°) N 
atmosphere 

After placing the filler metal nodul 
in the center of the top surface of the 
steel bar, B, the apparatus was covered 
by the glass jar, J, and a slow flow of 
10°) He + 90° Ne gas was turned on 
for 10-15 min. This amount of tune 
was sufficient to replace all air with the 


protective gas; the high-frequencs 


an 
as 


| 


Fig. 1 Experimental apparatus for 
wettability tests 

B, Cylindrical low-carbon steel bar; C, water- 
cooled induction coil; G, glass plate; |, gas 
inlet tube; J, glass tor; O, gas outlet tube; P, 
transite block; 5S, filler metal nodule (dotted line 
indicates the shape of the filler metal drop after 
melting) 
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Table | 


Molten Filler Metal Drop Diameters in Air and in 10°, H 


Atmosphere on Polished Low-Carbon Steel Surfaces 
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the power 
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room temper ind the 
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diameter 
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measured in several directions From 


these measurements an 
ameter of the 
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Spreading Experiments Under 
Molten Flux Layer—"Rotation 


Phenomenon” 
Experimental Procedure 
After the rather pr 


ition of thy ettabil 


is 
run in 
flux wa substituted for 
Observation made during 
periments opened some n 
for the investigation 
of wettal t 
Fos 
molten 


runoff of thy 
the bar, a « 
on the 


in Fig. 2 
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Fig. 2. Enlarged cross section of the 
apparatus for wettability tests under a 
flux layer 
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Significance of the Rotation Phenomenon 
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Investigation of Oxygen Diffusion from the 
Air Through a Layer of the Molten Flux to 
the Filler-Metal Surface 
int 
wer 


bora 


Gag 


Fig. 3 Two quartz glass test tubes 
with molten silver-copper alloy (BAg-8) 
under a layer of molten flux, after 10 
min exposure to the air 


(a) Thick layer of flux (flux is colorless and trans 


parent), (b) Thin layer of flux (red color of the 


cuprous oxide solution in borax) 


+ 900, N Otation was tl 
ee revolutions per second 
Drop diameter, 
Temperature of the n 10°. H 
Filler Meta filler meta na + \ 
Pure silver Slightly over the mp of 0 3907 O 406 
the filler meta 
Pure copper Slightly over the mp of a 0 750 
the filler metal 
BAg-S Slight over the mp of 0 675 
the tiller meta 
Slightly over 0 303 
\ the filler metal 
Considering these pract 
Q | the nature and the cause 
thoroug! 
Experiments wer 
of the flu aver afte 
A ur nught be caused | 
to tho through the molten 
well-known fact that if the sur- olen braging-allo 
ficiently reduced by ompletety transparent and 80 ga experiments are 
evolution could be observed In thi lowing section : 
to the dehyvdraty ind gassing stages 
will roault of ring prior to the flux msm 
met vire Cut into is 
protective ga turned on Miter ples was done 
the last trac ‘ir were removed test tubes under a gla 
the temperature further increased ir f ! «x WY N 
intil the fill hig. 3 Under thi 
steel by the four filler me En hualiemn os 0% He + 90% N 
silver, pure copper, BAg-S a 
in er, pure opper, BAg-S, BAg- 
In readily spre 
tmosphere iar Wa od 
these ex uy with the ten : 
ispect molten fill meta nm it va exposed 
echanisin to the air, the flu er parted almost | 
nstantly, exposing mrt of the molten 
ts filler metal surf to the air. In the MOEN Fue 
next second the filler metal ran 
device a8 in the previous expe neath the flux ds exposing a part of mn 6 
lig 1) was used In order toa the hottor j of the tee] cup to 
quid flux fron th thy short t vard the piled 
ndricai cup Was ip flu pilled the dewetted steel 
end of the bars, 4s sz irface ind from tl moment a rapid : 
otation of the flu filler metal 
the mumercial lrops followed at ontinued for about 
were put into two to thre nutes until the flux 
until the cup ve vas complete iturated with 
itil the flux was exposure to the the speed of the es 


atmosphere oxygen was excluded from 
the flux and the flux layers did not show 
any signe of oxidation; they were ab- 
solutely 
minutes after melting the brazing alloy 


© Hlorless and transpare nt Ten 


the glass jar was removed and the liquid 
melts exposed to the air for five to ten 
minutes and then cooled down to room 
temperature. In the test tubes, where 
the flux layer was very thin, the flux 
layer parted, and thus the surface of 
the molten copper-silver alloy was ex 
posed to the air. After cooling to room 
temperature the characteristic red color 
of the cuprous oxide solution in borax 
well known from the borax-bead test 
of qualitative chemical analysis, could 
be observed in the flux layer, indicating 
that the oxidation of copper took place 
However, in the other test tubes 
where the flux layer was thicker and 
had not parted after exposure to air 
the red color did not appear and the 
flux remained colorless and transparent, 
even after exposure to air in a molten 
state for an additional ten minutes 
This diffusion experiment has been re 
peated with some commercial fluxes 
The resulta were always the same 
From these experiments it has been 
concluded that the investigated fluxes 
at a temperature 


slahtly above the 


melting temperature of the euteeti 
silver copper 
transfer oxygen to the surface of the 
at least not in an 


brazing alloy do not 


molten brazing alloy, 
amount which would cause the very 
sensitive red color reaction, provided 
that the flux layer is sufficiently thick 

Since, on the other hand, the rotation 
experiments showed that the 
fluxes at the same temperature after 
exposure to the air parted and formed 


globules on the surface of the molten 
brazing alloy, even with a considerable 
thickness of the flux layer, this phe- 
nomenon can be explained only by 
assuming that the partition and the 
globule formation were caused by a con 
siderable change of surface tension of 
the molten flux associated with the sut 
uration of the flux layers adjacent to 
the walls of the steel cup by iron oxides 

The following experiment gave a more 
solid) basis to this assumption A 
globule of a glasslike, completely de 
hydrated flux is melted on top of a red 
hot steel bar (Fig. 1) in air and without 
the presence of any filler metals. The 
flux globule spreads readily over the 
polished end surface of the bar In 
the next few seconds the flux pellet 
becomes increasingly saturated with the 
iron oxides until it starts to dewet the 
steel surface and finally shrinks to 
small round globules 

In order to investigate the mecha- 
nism of the rotation phenomenon some 
what more thoroughly, some rotation 
experiments have been recorded by 
means of high-speed movies. An ex 
films was helpful 


amination of thes 


a 
oo once 
a 
« 
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a orem 


Fig. 4 Various phases of the ‘rota- 
tion experiment” 


for a more detailed analysis of the ro- 
tation phenomenon. This analysis is 
presented in the following section 
Explanation of the Rotation Phenomenon 
In the first phase of the rotation ex- 
periment (Fig. 4a), before 
of the glass jar, the steel cup is sur- 


remnoy ul 


rounded by a protective gas atmosphere 
The surface of the molten flux in the 
steel cup is motionless, almost flat in the 
center and slightly concave at the walls 
of the cup. The molten filler metal 
also motionless —forms a flat layer be- 
neath the flux. 

During the second phase of the rota- 
tion experiment (Pig 
moval of the glass jar, the glowing steel 
eup is exposed to the au The edges 
are oxidized rapidly, and the iron oxides 
from the steel cup walls are quickly 
dissolved by the molten flux. In the 
next few seconds the flux layers adjacent 
to the steel cup walls become more and 
more saturated with iron oxides until 
finally they start to dewet the oxidized 
steel cup walls, turning the shape of the 


th), following re 


molten flux surface from concave to con- 
vex. Three to four seconds after ex- 
posure to the air, the flux forms a com- 
round globule floating on the 
Suddenly, due to 


pletely 
molten filler metal 
the altering surface-tension forces, the 
flux globule moves from the center to 
one or another side of the cup, exposing 
the molten filler-metal surface on the 
opposite side of the cup to the air 
(Fig. 4e). 
sidered as the starting point of the 
third phase 

The third phase of the rotation ex- 
periment is normally very short, not 
During this 


This moment can be con- 


longer than see 


period, the exposed filler-metal surface 
readily absorbs oxygen; the oxygen 


from the air is transferred extremely 
rapidly to the steel-filler metal inter- 
face. Thus the steel surface is oxidized, 
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and a thin Jayer or iron oxide and a 
large number of small CO gas bubbles 
(resulting from oxidation of the carbon 
in the oxidized steel layer) form on the 
The filler metal 
dewets the oxidized steel surface, moy 


steel-silver interface 


ing beneath the flux layer on the op 
posite side of the cup (Fig. 4d) and ex 
posing the glowing steel surface on the 
bottom of the cup to the air. The 
molten filler metal moving beneath the 
flux sets the flux drop Into motion, so 
that the flux starts to flow over the de- 
wetted steel surface exposing a new 
section of the filler metal surface to the 
air on the opposite side of the cup 
(Fig. 4e). From this moment a rapid 
rotation of the flux and filler metal 
layers starts around the center of the 
cup, clockwise or in the opposite dire: 
tion depending on the side to which the 
flux flows first 
rate rotation cycle, the flux flows one 
time over the dewetted steel surface 


During each sepa 


dissolving the iron oxides, so that the 
molten filler metal which 
neath the flux laver can again wet the 
deoxidized steel surface Then the same 
spot is again dewetted by the flux, the 
oxygen transfer takes place, the steel 
surface ts again oxidized and the oxi- 


flows le 


dized surface dewetted by the filler 
alloy. At the moment the molten flux 
flows over this spot again one complete 
With 


each subsequent cycle the flux becomes 


rotation cycle is accomplished 


more and more saturated with iron 
oxides and the speed of the rotation 
slows down until finally it ceases com 
pletely The speed of the rotation is 
temperature dependent; increases 
rapidly at higher temperatures. With 
certain filler metal-flux combinations 
and sufficiently high temperatures the 
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Fig. 5 Experimental apparatus for 
diffusion experiments 

8, Cylindrical steel bor; C, water-cooled induc 
tion coil; G, glass plate; /, gas inlet tube; J, 
gloss jar; O, gas outlet tube; P, porcelain 
crucible; 5S, molten silver layer; T, transite 
block; W, steel disk; R, steel wire (preventing 
the stee! disk, W, from floating up in the molten 
silver) 
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speed of the rotation might reach two a b 

revolutions per second The speed of 


the rotation is influenced only slightly 
by the high-frequency current On 
switching off the high-frequen cul 
rent for a short period no change in the 
speed of the rotation has been ob- 
served. The speed of the rotation was 
the same whether high-frequency cur 
rent, furnace heating or torch heating 


Was used 


Oxygen Transfer from the Air 


tched ‘ 
Through a Layer of Molten Silver to ne mag. 5s 
the Steel-Silver Interface Fig. 6 Cross sections through steel disks covered by a layer of pure silver (10 g) 
Scope of the Investigation Material of the disks: (a) Armco iron (0.07% C); (b) low-carbon steel (0.20% C); (ce) drill rod (1.00% 
The rotation « xperiments effectivel) C). The specimens were rapidly cooled after keeping the molten silver for 10 min in 10% Hy + 9O 
hie! N, atmosphere, cross sectioned and mounted in plastic (Reduced by upon reproduction) 
tra phenomenon whieh 
as the previous investigations proved 
could be caused only by an extremel 
a b 


high rate of diffusion of oxygen from the 
ai through a laver of molten brazing 
alloy to the steel-brazing allov interface 
Consequently, it was coneluded that a 
fundamental study of the diffusion of 
oxygen through thin lavers of molten 
brazing sllovs might be of great practi 
cal interest. Such a study might bring 
about a better understanding of the 


mechanism of formation of the imper 


fections in brazed joints resulting from 
an incomplete protection of the molten 


brazing alloys from the air by molten Unetched Mag. X 2 
fluxes 

To exelude disturbing factors and Fig. 7 Same as Fig. 6 
influences, these studies were begun The specimens were rapidly cooled after keeping the molten silver for 10 min in 10% Hy + 90% N. 
with the investigstion of difusion of atmosphere, and subsequent exposure to the air for | min. (Reduced by upon reproduction) 
oxygen through lavers of pure silver 

The diffusion of oxygen through a 

c b 


layer of pure, solid silver has been in 
vestigated by K. W. Froelich! who used 
copper sheets electroplated with pure 
silver which were heated at 700° ( 
(1292° F) in oxygen. The amount of 
oxygen absorbed at the copper-silver 
interface was proportional to the time 
and inversely proportional to — the 
thickness of the silver laver 


Micrographs showed the formation of 


Cu and © compounds between the cop ‘ 
per sheet and the silver layer 

According to Froelich'’s experiment Unetched Mag. % 2 
the rate of diffusion of oxygen throug! 
layers of pure silver should be consider 
able The rates of diffusion of oxygen 


through thin plates of pure silver have 


Fig. 8 Same as Fig. 7. Time of exposure to air, 3 min 


been determined hy Johnson incl 
Larose.? They found a square-root re 
lation between the rate of diffusion 
and the pressure It has been show: 
that their data on the diffusion of the 
gas through the metal were in accord 


with tichardson’'s equatior Stenci 
and Johnson’ investigated the solubilit 
of oxygen in silver The found that 
the solubility was proportional to. th 
square root of pressure it pre ire 


above 10 mm 


Since the Purpose of the investuga Unetched Mag. 
tion presented here was not a study of 
the diffusion rates or a study of solu Fig. 9 Same as Fig. 8. Time of exposure to air, 5 min. (Reduced by upon 
bility of oxygen in silver, but rather of reproduction) 
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the mechanwm of the diffusion and for- 
mation of iron oxide layers and CO gas 
bubbles on the steel-silver interface 
there # no need to discuss the above- 


mentioned papers more thoroughly 


Experimental Apparatus and Methods 


The experimental apparatus used for 


Unetched 


Fig. 10 Same as Fig. 8. 


Silver 


Armco iron 


Unetched Mag. X 150 


Fig. 11 Steel-silver interface from 
the cross section shown on Fig. 6a 


Material of the disk: Armco iron (0.07% C) 
Time of expowre to air, 0 min 


Silver 


Armco iron 


Unetched Mag. X 150 


Fig. 12 Steel-silver interface from 
the cross section shown on Fig. 7a 


Material of the disk: Armco iron (0.07% C) 
Time of expowre to air, | min 


2-s 


the diffusion studies is ilustrated in 
Fig. 5. In this apparatus, the silver in 
the porcelain crucible, ?, is brought up 
to the necessary temperature by heat 
conduction from the glowing steel bar 
B, and not directly by induction heating 
This has been achieved simply by posi- 
tioning the steel bar. B. so that the por- 


Time of exposure to air, 10 min 


Armco iron 


Unetched Mag. X 150 


Fig. 13 Steel-silver interface from 
the cross section shown on Fig. 80 


Material of the disk: Armco iron (0.07% C). 
Time of exposure to air, 3 min 


Silver 


Armco iron 


Unetched Mag, X 150 


Fig. 14 Steel-silver interface from 
the cross section shown on Fig. 9a 


Material of the disk: Armco iron (0.07% C). 
Time of exposure to air, 5 min 
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Armco iron 


Unetched Mag. X 150 


Fig. 15 Steel-silver interface from 
the cross section shown on Fig. 10a 


Material of disk: Armco iron (0.07% C). Time 
of expowre to air, 10 min 


Silver 


Low-carbon steel 


Unetched Mag. X 150 


Fig. 16 Steel-silver interface from 
the cross section shown on Fig. 6b 


Material of the disk: low-carbon steel (0.20% 
C). Time of exposure to air, 0 min 


Silver 


Low-carbon steel 


Unetched Mag. X 150 


Fig. 17 Steel-silver interface from 
the cross section shown on Fig. 7b 
Material of disk: low-carbon steel (0.20% C) 


Time of exposure to air, | min 
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celain crucible, P, is above the electro 
magnetic field of the caul, ¢ 

The modified heating method pro- 
duced samples which permitted the 
study of the mechanism of the dif- 
fusion of oxvgen through molten silver 
layers to the steel-silver interface 

In the course of these experiments a 
series of steel disks ,» in. diam by 

, in. high) was prepared from a) 
Armeo iron (0.07% ©), (b) low 
steel (0.20°,, ¢ aril rod (1.00% 
The carefully cleaned disk 
on the bottom of small porcelain cruci 


irbon 
vere pi u ed 


bles, P (see Fig. 5), and covered by 
equal amounts 1O g) of pure silver 
Since the density of molten silver 1s 
considerably greater than the density of 
solid steel, the steel disks, in order to 
prevent them from floating in the 
molten silver, were pressed down to the 
hottom of the erucible b i stainless 
steel spring, ?. After melting the silver 
laver under 10% He + 90% N, atmos 
phere, the crucibles were exposed to 
the air for a certain time (1, 3, 5 or 10 
min) and then rapidly cooled to room 
temperature Under the microscope 
the polished 
of these samples showed a characters 
which were 


unetched ross sections 


tie pieture the sample 
not exposed to the air vielded a straight 
geometrical line representing the steel 
silver interface In all cases —Armeo 
iron, Fig. 11 low-carbon steel, Fig 
16: and drill rod, Fig. 21 
lavers and only very few gas bubbles 
could be found on the steel-silver inter 


ne 


face (see also Fig. 6) 
All the samples which were exposed 
hig. 7 


S GQ and 10) showed a layer of tron ox 


to the air for 1, 3, 5 or 10 min 


ides on the steel-silver interface, and 
variable amounts of gas bubbles Phe 
thickness of the oxide layers increased 
with increase of tume of exposure to au 
Under larger magnifications (Figs. 12 to 


25) howe i | these 0 we lv ers no 
longer appeared continuous but di 


vided into separate, thin oxide layers 
which were parallel to the steel surtace 
and were separated by quits thin inte: 
mediate layers of pure silver Phese 
parallel layers of iron oxides separ ited 
by intermediate silver layers clos re 
sembled the 
on a cross section of a stump of an old 
tree (see Figs. 13, 14 and 20 The 


number of these separated ron 


pattern of annual ring 


layers was almost proportional to the 
time of the exposure to the air. It was 
found that a new oxide layer formed ap 
proximately every minute, so that, for 
instance, the samples which were ex 
posed to the sir for 5 min vielded, on the 
average, four to five separate oxide 


These thin oxide 


lavers again were not continuous, but 


lavers (see Fig. 14 


were perforated by a large number of 


small holes whith were sapparentl 
caused by CO-gas bubbles escaping 
from the steel-silver intertace Figs. 12 
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ind 20 According! n the horizontal 
projection, thes rivers would 
look like thin fil punctured by a 
irge number of smal hoes, rest mbling 
thin screens of very fine mesh 
Considering all these observations 


the mechanism of formation of the 


lamellar oxide layers on the steel silver 


interface might be xplained as fol 
lows 

During the first phase of the diffusion 
experiment, befor emoval of the glas 
jar, J (Fig. 5), the crucible, P, with the 
molten silvet urrounded by 10% 
H, + 90% Ne ga there is no oxygen 
present in the molten silver and the 
completely iret 

16 and 21 


During the second phase of the dif 


shes ilver interiace 1 


rom oxides (see Fig | 


fusion experment, following the re 


moval of the gla jal J, the molten 
silver surface is exposed to the air, and 
the oxygen i Wi demonstrated in 


the rotation experuments ilmost im 


stantl 


diffused to the steel-silver 
imntertace where i rapid oxidation of 
the steel surface takes place However 
due to the formation of the CO bubble 


beneath the growing FeO layer, thi 


layer | eparated trom the olid steel 
urface and is forced by the developing 
gas to move upward. After a while, the 
gap betweer the tor urface and the 


lifted FeO layer is so wide that the mol 
tart to flow into the gap 
In this way 
the thin FeO layer will be disrupted 
permitting the CO gas to escape through 


ten silver ma 
hing out the CO gas 


the gaps betweer the broken FeO layer 
piece It can be anticipated that with 
i higher carbon ntent of the pert 
nent steel disk, more CO gas will de 
elop, and consequently the FeO layer 
vill be more completely destroyed 
The photomicrographs confirmed thi 
reasoning for mstanece on the dri 
29 to 25) the FeO 
re are much more thoroughly de 
Armco iron surtace 
Figs. 12 to 15). The silver layer e9 
posed to the air for 10 min even broke 
off completely from the drill rod dish 
fter solidification (see Figs. 10 and 25 
which flows into 


urlace and 


Che molten silver 
the gap hetween the tee| 
the fted FeO layer iturated with 


Consequenti the molten 
silver ummedtiat vill present oxygen 
to the steel surta initiating the for 


mation of the second FeO layer, About 
i minute after the ilver has filled the 
gap the second FeO layer will bn epi 


rated from the tee) surlace ind again 


slightly lifted up, and the molten silver 
Vill again fill the vAaD between the "4 


ond FeO laver and the ter] irface 


initiating the formation of the third 


FeO layer Che formation of the FeO 
lavers will continue as long as the molten 

irface is exposed to the au At 
the same time, eact ibsequent he) 


laver will hinder the oxygen transtet 
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Silver 


Low-carbon steel 
Unetched 


Fig. 18 interface from 
the cross section shown on Fig. 8b 


Material of disk: low-carbon steel (0 20% Cc) 


Time of exposure to air, 3 mir 


Mag. X 150 


Steel-silver 


Silver 


Mag. X 150 


Unetched 


Fig. 19 Steel-silver interface from 


the cross section shown on Fig. 9b 


Material of disk low-carbon steel (0 20% Cc) 


Time of exposure to air, 5 min 


yilver 


Mag. 150 


Unetched 


Steel-silver interface from 


Fig 20 
the cross section shown on Fig, 10b 
low-carbon steel (0 20% C) 


i¢ 


Material of disk 


Time of exposure to oir ) mir 


f 
‘ 
Low-carbon steel 
Low -carbor feel 


Drill rod 

Unetched Mag. X 150 
Fig. 21 Steel-silver interface from 


the cross section shown on Fig. 6c 


Material of the disk: drill rod (1.00% C) 
Time of exposure to air, 0 min 


Silver 


Drill rod 


Unetched 


Mag. X 150 


Fig. 22 Steel-silver interface from 
the cross section shown on Fig. 7c 


Material of the disk: drill rod {1.00% C) 
Time of expowre to air, | min 


Silver 


Drill rod 
Mag. X 150 


Unetched 


Fig. 23 Steel-silver interface from 
the cross section shown on Fig. 8c 


Material of the disk: drill rod (1.00% C). 
Time of exposure to oir, 3 min 


more and more, slowing down the oxi- 
dation of the steel surfaces. 
Formation of Carbon Monoxide on the 
Steel-Silver interface During the Diffusion 
Experiments 

The diffusion experiments confirmed 
the hypothesis that by Oxidation of the 
steel surtac the earbon monoxide 
arates on the steel-silver interface in 
hen 
the diffusion experiments were started 
it was believed that the amount of the 


the form of small gas bubbles 


CO gas inclusions on the steel-silver 
interface must be proportional to the 
amount of diffused oxygen, and con- 
proportional to the time of 
However, this 
hypothesis had to be somewhat revised 


sequently, 
the exposure to the air 
since the experimental observations 
were not in complete agreement with 
the expected behavior Some addi- 
tional studies have been made to clarify 
the causes of these disere PANcies 

First of all, a stoichiometric caleula- 
tion was conducted in order to evaluate 


the amount of CO gas which forms on 


Silver 


Drill rod 
Unetched Mag. X 150 
Fig. 24 Steel-silver interface from 


the cross section shown on Fig. 9c 
Material of the disk: drili rod (1.00% C) 
Time of exposure to air, 5 min 


Silver 


Drili rod 


Unetched Mag. X 150 


Fig. 25 Steel-silver interface from 
the cross section shown on Fig. | 0c 
Material of the disk: drill rod (1.00% C) 


Time of exposure to air, 10 min 
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the steel-silver interface, assuming that 
the carbon content of the steel is 1% 
and that a 0.1 mm thick steel layer was 
completely oxidized to FeO. This cal- 
culation yielded 14.5 ce CO gas per 
square centimeter of steel 
In other words, the volume of the CO 
gas is about 145 times larger than the 


surlaces 


volume of the steel layer before oxida 
tion Certainly the volume of the CO 
gas will decrease with the decrease of 
the carbon content of the steel. With 
0.19 carbon, it will be 14.5 times larger 
and with 0.01% carbon it will be only 
1.45 times larger than the corresponding 
volume of the steel layer. 

The results of this caleulation dem- 
onstrate rather effectively that by an 
inadequate protection* of the molten 
brazing alloy from oxygen of the air by 
molten flux, the 
through the molten brazing alloy layer 
to the steel surface might cause not 
only oxidation of this surface, 


oxygen diffusion 


and con- 


sequently dewetting of the oxidized 
steel surface by molten brazing allo 
but also formation of a considerable 
volume of evolved CO gas at the steel 


brazing alloy interface 


* The inadequacy of such 


proved }t the “rotation experimen 
for the case of pure silver but also 
number of different commercial 


flux combinations 


_— 


bei 


Fig. 26 Apparatus for determination 
of CO, gas formed by diffusion of 
oxygen through a layer of molten 
silver to the steel-silver interface 

A, Porcelain tube; F, electrical furnace; P, por- 
celain crucible; R, Inconel wire (preventing the 
steel disk from floating in the molten silver); 
W, steel disk; Q, potentiometer; T, thermo 


Fig. 27 Enlarged cross section through 
the porcelain crucible, P, shown in Fig. 
26 


A, Porcelain tube; P, porcelain crucible; R, 
Inconel wire; 5S, molten silver layer; W, steel 
disc 
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Unetched 


Fig. 28 Cross sections through drill rod disks covered by a layer of 1% Sn - 99% 


Ag alloy (10 g) 


Mag. ! 


All the specimens were rapidly cooled down after keeping the molten alloy for 10 min in 10% H 


90% N, atmosphere, and subsequent exposure to air 


This calculation indicate ilso 


he re 


in the diffusion experiment 


molten silver urface was exposed 


air for a shorter time, the amount of en 


trapped CO) gas bubbles on the teel 


silver intertace might by proportional to 


the time f exposure to the air, but 
only in the case of short time of 
exposure With long (posure 
the amount of CO gas will iner 
much that the g i to bubble 
out of the molt The experi 


mental obser confirmed this 


is will 
en silve 
itions full 
reasoning. It has 
the diffusion 


exposure to aur the molten ilver began 


been observed during 


expernment that ilter 


to “boul most instantly when a dril 
rod disk was on the bottom of the pores 
lain crucible The boiling Wie 
much slower in the case of low-carbon 
steel or 


has never been observed without using 


iron disks, but boing 

steel disks 
Similar observations 

rotatior 

Phe studi ) gh-speed 


ilso during the 


pictures rotation proc 


pro 


iolten 


Steel 


Unetched 


Fig. 29 Steel, 1% Sn-99% Ag alloy 
interface from the cross section shown 
on Fig. 29a. Time of exposure to air, 
O min 


Mag. KX 150 
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(a) tor O min, (b) for 3 min, (c) for 5 min 


rom the oy 
quite por ible 
pot 


gas bubbl 


the 


ipitation of 
of on the steel 

er allo ints 
In the diffusi expernmnent the 
amount of i vhich forms in on 


unit of time quare unit of the 
yroportional to the 


content of the ste ill othe 


hould be 


tion iy 


pilver alloy 


Steel 


Unetched Mag 


Fig. 30 Steel, 1% Sn-99% Ag alloy 
interface from the cross section shown 
on Fig. 29b. Time of exposure to air, 
3 min 
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Unetched 


Mag. 150 


Fig. 31 Steel, 1% Sn-99% Ag alloy 
interface from the cross section shown 
on Fig. 29c. Time of exposure to air, 
5 min 


b c 
/ 
to dewet the st urface, as the de 
vetting starts simultaneously on oxygen diffuses throug! 
irge number of almost infinitely smal er to tl teel-si 
aS pots which spread quite rapidly, r ind oxidizes the steel surf 
ee moving the braz lo bon of the oxidized 
that the large number ¢ tre the moiter Ive 
vhere the dewetting start j Che CO 
by nucleation of a large number of al carbon droxide abso 
most infinitely small CO ymin of continuoy 
vhicl yrow mel ind remove |__| ( rt 
molten brazing all from: the teel sur of absorbed 
face Consequent it is possible that The analytics 
the high rotation peed im these ey zed in Table 2 \ : 
periments is caused not only by de in the first erucibl 
vetting of the oxidized steel surface out any steel 
me CO In ¢ 
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Fig. 32 Cross sections through drill rod disks covered by a layer of 1% Ni — 99% 


Ag alloy (10 g) 


All specimens were rapidly cooled down after keeping the molten alloy for 10 min in 10% H, + 9O% 
N, atmosphere, and subsequent exposure to air; (a) for 0 min, (b) for 3 min, (c) for 5 min 


layers of 
molten silver to the steel surface 
After the investigation of the mech- 
anwm of oxygen through 
layers of molten silver and of the mech 
anism of the oxidation of the steel 


fusion of oxygen through 


diffusion 


surfaces had been accomplished, the 
next problem to be investigated was the 
influence of additions of various de- 
oxidizing elements on the oxygen dif 


fusion through lavers of molten silver 


Table 2 Analytical Results of the Dif- 
fusion Tests in Oxygen Atmosphere 
in 
Carbon tn the Oy 
Vaterial of the dish sleel, gas, mq 
No disk (Ag only | 
Armeo tron 0 
Low-carbon steel 0 20 
Drill rod 1 Oo 


Oxygen Transfer from the Air to the 
Steel-Silver Interface Through Layers 
of Molten Silver with 1% Additions 
of Various Deoxidizing Elements 
Preparation of the Alloys 

Phe purpose of the investigations re 


ported in this section was to study the 
influence of the various deoxidizers on 


Silver alloy 


Steel 
Unetched Mag. X 150 
Fig. 33 Steel, 1% Ni-99% Ag alloy 
interface from the cross section, shown 
on Fig. 330. Time of exposure to air, 
0 min 


516-8 


the oxygen diffusion through the molten 
silver layers and on the mechanism of 
oxidation of the steel surface. First, 
the pertinent silver alloys were prepared 
by melting 99 wt % (35 g) of pure silver 
with | wt % (0.35 g) of one of the fol- 
Be, Mg, Al, 
The melting 


lowing deoxidizing metals: 
Si, Ca, Ni, Cd, Ba and Sn 
was performed in porcelain crucibles 
under 100, Hy + 90°) 
(see Fig. 5) 

The 1% Li alloy was melted under 
dry helium atmosphere. The 10, Cu 
and 1% Zn alloys were prepared from 
master alloys (commercial brazing al- 
loys BAg-S and 75° Ag, 25% Zn, re- 
adding the 


atmosphere 


spectively) by necessary 
amount of pure silver 

The literature search has proved that 
there is no reliable method known for 
preparing 1% P-99% Ag alloys. Ac- 
cordingly, no attempts were made to 
prepare such alloys 

After remelting several times under 
10% Hy + 90% Ne atmosphere the 
alloys were divided into three 10-¢ 
samples for the diffusion tests and one 
lg sample for the chemical analysis 

The chemical analyses of the pre- 
pared silver alloys yielded the following 
results 


Alloy {nalysis 


Al \g Al, balances 
Ba-Ag 56°, Ba, balance Ag 
Be \g ‘ Be, balance Ag 
Cu-Ag » Ca, balance Ag 
Cd \g Cd, balance Ny 
Cu Ag Cu, balance Ag 
Li \g Li, balance Au 
Mg Mg, balance Ag 
Ni \g Ni, balance \g 
Si-Ag Si, balance Ag 
Sn-Ag Sn, balance Ag 
Zn-Ag Zn, balance Ag 


As the results of the chemical analysis 
show, only in the case of Ag-Ba and 
Ay-Li alloys was the percentage of the 
deoxidizing ingredient considerably be- 
low 1°%, presumably due to the lithium 
and barium losses during the remelting 
of the alloy in the protective atmosphere 
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which was not absolutely dry The 
content of all other deoxidizing elements 
was roughly around 1% 


Experimental Apparatus and Methods 

The apparatus used for the diffusion 
experiments is illustrated by Fig. 5 
In this apparatus, the given silver alloy 
is brought up to the necessary tempera- 
ture by heat conduction from the glow- 
ing steel bar. 

The diffusion experimeats consisted 
of the following operations: first of 
all, a series of carefully cleaned drill 
rod (1% carbon steel) disks—*/, in 
diam, */, in. high 
bottom of small 
and covered by equal amounts (10 g) 
of the pertinent silver alloy. For 
each of the 12 experimental alloys were 
reserved three crucibles, so that the 
total number 
Since the density of molten silver is 


were placed on the 


porcelain crucibles 


of crucibles was 36 


considerably greater than the density 
of solid steel, the steel disks, in order to 
prevent them from flvating the 
molten silver, were pressed down to the 


Silver alloy 


Stee! 


Unetched Mag. X 150 


Fig. 34 Steel, 1% Ni-99% Ag alloy 
interface shown on Fig. 33b. Time of 
exposure to air, 3 min 


Silver alloy 


Steel 

Unetched Mag. X 150 
Fig. 35 Steel, 1% Ni-99% Ag alloy 
interface shown on Fig. 33c. Time of 
exposure to air, 5 min 
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a b c 
| 
Ga 
‘ 
4 
; 
° 
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bottom of the crucible by a stainless 
steel spring, R 

After remelting for 10 min under 
10% He. + 90% Ne atmosphere, the 


first crucible with each particular allo 


waa cooled down to room temperature 
without exposing to the air, the second 
ind the third crucibles were exposed t 
the air for 3 and 5 min, respectivel 
ind then rapid cooled down to roon 
temperature 

The metallographic examination (se¢ 
Figs. 28 to 53 iwlded the following 
picture: only three of the deoxidizing 


elements, namely, nickel, tin and zine 


completely eliminated the oxygen dif- 
fusion through the molten silver layers 
even after exposure to the air for as 
All the other deoxidiz- 


ing elements did not prevent, or only 


iong 48 Thin 


partly prevented, the diffusion of oxy- 
steel-silver interface In 
with the 
Ag alloy the oxygen dif 


gen to the 
some cases, as for instance 
1% Cu-99% 
fusion was even accelerated 

Discussion of the Diffusion Experiments 


In the case of 1% Sn-99°7 Ag allo 


Silver alloy 


. 
Stee! 
Unetched Mag. X 150 


Fig. 37 Steel, 1% Zn-99% Ag alloy 
interface from the cross section shown 
in Fig. 37a. Time of exposure to air, 
O min 


Silver alloy 


is 
4 
Stee! 
Unetched Mag. X 150 


Fig. 38 Steel, 1% Zn-99% Ag alloy 
interface shown on Fig. 37b. Time of 
exposure to air, 3 min 
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Unetched Mag x) 4 


Fig. 36 Cross sections through drill rod disks covered by a layer of 1% Zn - 9VP% 
Ag alloy (10 g) 

All of the specimens were rapidly cooled down after keeping the molten alloy for 10 min in 10% 
H, + 90% N, atmosphere, and subsequent exposure to air: (a) for 0 min, (b) for 3 min, (c) for 5 min 


Figs. 2Sa, 28b, 28ce, 29, 30 and 31 liver intertac vithout any signs of 

the samples which were exposed to the oxidation or gas i ston 

ur (Figs. 28b, 28c, 30 and 31) as well Figure 28a shows the cross section of a 

is the one which was not exposed to the drill rod disk covered with 10 g of the 
ur (Figs. 28a and 29) vielded on the 1 Sn 0, Ag alle melted and cooled 

photomicrographs one straight, geo in 10°, Hy + 90°) Ny atmosphere with 
ett i line representing the steel out any exposure to the a 


Silver alloy Silver alloy 


- 
| 
Steel Stee! 
Unetched Mag. X 150 Unetched Mag. X 150 
7 
Fig. 39 Steel, 1% Zn-99% Ag alloy Fig.41 Steel, 1% Cd-99% Ag alloy 
interface shown on Fig. 37c. Time of interface. Time of exposure to air, 3 
exposure to air, 5 min min 
Silver alloy Silver alloy 
’ 
Stee! Stee! 
Unetched Mag. X 150 Unetched Mag. K 150 
Fig. 40 Steel, 1% Cd 99% Ag Fig.42 Steel, 1% Cd-99% Ag alloy 
alloy interface. Time of exposure to interface 
ar, O min Time of the exposure to the air, 5 min. (Re- 
duced by upon reproduction) 
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Figure 25) shows the cross section of 
vith the same 
illoy after 3 min exposure to the au 


a drill rod disk covered 


and Fig, 28e after 5 min exposure to the 
ur, respectively. The magnification of 


these photomicrographs is * 2 


Silver alloy 


Steel 
Unetched Mag. X 150 


Fig. 43 Steel, 1% Cu- 99% Ag alloy 
interface. Time of exposure to air, 0 
min 


Silver alloy 


Stee! 


Unetched Mag. X 150 


Fig. 44 Steel, 1% Cu-99% Ag alloy 


interface. Time of exposure to air, 3 
min 
Silver alloy 
Steel 
Unetched Mag X 150 


Fig. 45 Steel, 1% Ba - 99% Ag inter- 
face. Time of exposure to air, O min 


Under a larger magnification (* 150 
Figs. 20-31) the steel-silver interfaces 
of the samples illustrated by Figs. 28a 
28e still show no signs of oxidation or 
gas inclusions, and present one straight 
geometrical line (Fig. 29 is a magnificea- 
tion of a section of the steel-silver inter- 
face shown on Fig. 28a; Fig. 30 is a 
magnification of 28b; Fig. 31 of 2s 
respectively), 

Exactly the same pattern is shown by 
the 1% Ni-99% Ag alloy, without ex 
posure to the air (Figs. 32a and 33 
as well as after exposure to the air for 3 
min (Figs. 32b and 34) and for 5 min 

Figs. 32c and 35). The steel-silver 
interface again presents a straight line 
without any traces of oxides or guns 
inclusions 

The 1% Zn-99% Ag alloys also show 
no traces of oxides or gas inclusions 
either on the samples not exposed to ait 
Figs. 36a and 37), or on the samples 
exposed to the air for 4 min bigs. 36b 
and 38) and for 5 min (Figs. 38e and 
39). However, on the micrographs ob- 
tained on 1% Zn-99°% Aw alloy 


large voids are visible in the layers of 


silver adjacent to the steel-silver inter 
face. These voids are present in the 
sample exposed to air for 3 min (Pig. 38) 
as Well as in the sample not exposed to 
sir at all (Fig. 37). This type of void 
may be related to the fact that the boil- 
ing point of pure zine (1665° F) ts 
much lower than the solidus tempera- 
ture of the 1% Zn-99°7, Ag alloy (about 
715° F). It is quite understandable 
also that in the case of 107, Cd-99% Ag 
alloys, where the boiling point of ead- 
mium (1409° FP) is also far below the 
melting point of the 1% Cd 09% Ag 
alloy (about 1735° F), the same type of 
large voids appear in the silver alloy 
lavers adjacent to the steel-silver inter 
face: the 1% Cd-99% Ag alloy sam- 
ples exposed to the air for 3 min (Fig 
11) and for 5 min (Fig. 42) show large 
voids in the silver alloy layers 

All other alloys, e.g., 1° Al-99° Ag 
1% Ba-99°% Ag (Figs. 45, 46, 47 by 
Be-09"% Ag (Figs. 48-50); 1% Ca-99% 
Ag (Figs. 51, 52 and 53) 1% Cu-99Y, 
Ag (Pig. 43 and 44); 1% Li-99% Ag 
1% Mg-99% Ag; and 1% si-990% Ag 
could not prevent the oxygen diffusion 
through the molten alloy layer, and 
consequently, the pertinent photomicro- 
graphs show considerable oxidation of 
the steel-silver interface, even after ex- 
posure to the air for as short time as 3 
min, 

Thus, the diffusion experiments show 
that the elements 
yvreatest affinity for oxvgwen, e.g., Li, Al, 
Vig, Ba, ete., are not able to prevent the 
diffusion of oxygen through the lavers of 
On the other hand, it is 
most interesting to note that the best 


which have the 


molten silver 
performance in the prevention of oxygen 


diffusion is shown by the elements Ni 
and Sn, which are among the weakest 


Bredzs 


Silver Brazing 


deoxidizers. Especially interesting are 
f 


the observations made in the course of 


the preparation of the Ag 1% N 
alloy According to the Ag-Ni phase 
diagram,’ the solubiiity of nickel mn 
solid silver is very low 0.102% at 


Silver alloy 


Steel 


Unetched Mag. X 150 


Fig. 46 Steel, 1% Ba-99% Ag inter- 
face. Time of exposure to air, 3 min 


Silver alloy 


Steel 


Unetched 


Fig. 47 Steel, 1% Ba- 99% Ag inter- 
face. Time of exposure to air, 5 min 


Mag. X 150 


Silver alloy 


Steel 
Unetched Mag. X 150 
Fig. 48 Steel, 1% Be-99% Ag 
interface. Time of exposure to air, O 
min 
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Silver alloy 


Steel 

Unetched Mag. X 150 
Fig. 49 Steel, 1% Be-99% Ag alloy 
interface. Time of exposure to air, 3 
min 

952° © and 0.012% at 400° ¢ The 
solubility of niekel in | puid lver has 
not been determined precise! In the 


eourse of the reparation of the 09 


Ag 1Y, N bile it has 
that molten silver rather easily dissolve 


Deer ol Served 


about 1° nickel However. after cool 
ing the molten alloy to room tempera 


ind cTo 
melt it hy 


ture ectioning the olidified 


is bes i found that nickel ha i 


tendeney to concentrate in the upper 
lavers of the melt Consequent it 
quite possible that in the quid melt, a 


nickel rich layer floats over the melt and 
protects the molten silver-nich 


from the oxygen of the air Phat might 


explain why in the molten 999% Ag-1% 
Ni alloy the oxygen did not diffuse to 
the steel-silver illov interfaces evel 
eXposul to the ir for a tine us 
iong as 10 1 However nee mm 
segregation has been observed in) the 
Ag-1°), Sn melt th) hyvpothes 
cannot tx ipplied for the lver-tin 
Allo In all events the practi 
pects of these observation ure juite 
promising: they show that i ri rte 
it is quite to pre ent gen dif 
fusion throug! ive! ol molten 
ithout ar protection Now iT 
ndilition to one of the two element \ 
or sn vhich prevent tl ron diffu 
sion, a third strong deoxidizing nent 
such as Li, K or Na might | vided t 
the alloy in the right proportio If tl} 
third element could reduce the oxide 
on the base metal surface then it 
should be possible to use such an all: 
to braze the ge n base metal in ai 


without using 
protect ve 


In ordet to investigats There 
thoroughly the possibilities of de 0] 
ment of ich self fluxing urprool 
brazing alloys, it was decided to investi 
gat 1) the wetting of me base 
metals, such ow-carbon steel irtil 
rod stainless steel, ete by molten 


silver with 19% addition of the above 
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Silver alloy 

‘ 
steel 

Unetched Mag. X 150 


Fig. 50 


interface. 


Steel, 1% Be-99% Ag alloy 
Time of exposure to air, 5 
min 


mentioned 12 lent (izing elements 


é the abit to reduce the oxides on 


thre irface al carbon teel hy 
molten silver wit} ", addition of the 
bove-mentioned twelve deoxidizing 
ement 
The experimenta lita on the ade 
clopment of the self-fluxing, airproof 
razing alle ha en published in 
the November 1955 of THe 
NG In the eourse of thi 
ty t has beer n, comp ny 
hemical } rev 
im itt) erty ol 
if trong ment that 
t} n appears t etl 
met cle | ! f-f] brazing 


molt a or 

( ten ay i 1 605 stamnle 
tos ‘ +} t} oretical 
wont tion of lithium 
ot educe t les on the ui 
face t} ‘ fer 


Silver alloy 


Unetched Mag. X 150 


Steel, 1% Ca-99% Ag alloy 
Time exposure to air, 3 


Fig. 52 
interface. 
min 
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Silver alloy 


Unetched 


Mag. X 150 


Steel, 1% Ca 99% Ag alloy 
Time of exposure to air, 0 


Fig. 51 


interface 


mn 
} the wett contact) angle of 
molt t} wettsa 
bilit fl lit 
| thium | ‘ illoys and 
the lithium beari ( illoys can be 
ised for brazing plain 
bon is sta teel with- 
fl ify pheres The 
tey { joints is quite 
Conclusions 
t} ing conclusions 
he « erunmental results obtamed 
mt ext ettability of 
‘ roved that 
ots tection against ex- 
impair the ettabilit certain 
m ext the au, times 
‘ ifliment to cause 
Silver alloy 


Unetched 


Mag. KX 150 


Fig.53 Steel, 1% Ca-99%Ag alloy 


interface. Time exposure to air, 5 


min 
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The wettability test erformed with 
P 
or re Heng oO 
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2. A study of the influence of small 
additions of various metals on the diffu- 
sion of oxygen through a layer of molten 
silver has revealed that: 


a Some metals can considerably de- 
crease the rate of diffusion of 
oxygen through molten silver 
and some of them, as for in- 
stance Ni or Sn, might even 
completely protect the molten 
silver from the oxygen of the 
air 

b) The metals which have the highest 
affinity for oxygen, e.g., Li, Al, 
Mg, Bu, ete., are not able to 
prevent, or appreciably slow 
down, the diffusion of oxygen 
through layers of molten silver 

ce) Small additions of 
molten silver, apparently, can 
even accelerate the rate of dif- 
fusion of oxygen through layers 
of molten silver. 


copper to 


3. The wettability experiments per- 
formed with molten silver with small 
additions of various metals have proved 
that small additions of barium, and es- 
pecially small additions of lithium, con- 
siderably improved the wettability of 
liquid silver on steel. The two metals 


barium and lithium, both of which have 
a very high alhinity for oxygen, ap- 
parently ire able to reduce tron oxides 
at practical brazing temperatures. The 
wettability exp riments induc ile 
that smal! additions of barium or lithium 
are al le to reduces considerable the i! 
face tension of the molten silver, thus 
promoting extremely good wettability 
and fluidity of the pertinent allo 

$. The practical aspects of this in 
vestigation are quite promising They 
indicate that it might be feasible to pro 
duce self-fluxing, airproof brazing alloys 
which would braze steel in air without 
any fluxes or protective atmospheres 
This could be done by 


metals so that one metal (or combina- 


combining the 


tion of metals) would protect the molten 
filler metal against the oxygen of the 
air, and the other metal (or combination 
of metals) would reduce the iron oxides 
on the steel surfaces, thus providing the 
filler metal with self-fluxing properties 

For protection against oxygen diffu- 
sion, small additions of nickel or tin 
or both of them, can be used for self-flux- 
ing silver-brazing alloys 

The high affinity of lithium for oxygen 
and the comparatively low melting 
point of Li,O make lithium especially 


suitable as an addition for self-flux 
brazing alloys. 
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“The Effects of Zine Phosphate Coating on Flash Welding of Steel Tubing” 


by J. F. Young and A. Phillips 


In the September 1956 issue of Tuk Weioinc Jounnar, Research Supplement, page 420-8, table al lop of 


page, second column, the Surface Condition for Specimens 7 through 11 reads incorrectly. 


“Cleaned” instead of “Zine phosphate.” 


It should state 


The kditor 


Bredzs Silver Brazing 


WeLDING RESEARCH SUPPLEMENT 


— 
their 
ind 
1. Froelich le, 28, 468 
175 (1936 
2 Johnson, F. M. G., and Larose, P Jn! Es 
Am. Chem. Soc., 46, 1377 (1924 nd 49, 312 
1927 
$ Steaciec, W. RK and Johe M.G 
Proc. Roy. Sa London (A), 112, 54 ye 
4. Christie, John I Metala H thook, ASM 
1151 (1948 = 
5 Bredas, N und Canons A m 
brazing Al lux 
| 
520-s 


